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METHODS OF PRODUCING CARBOXYLIC
ACIDS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to Provisional Application
No. 61/498,404, filed Jun. 17, 2011, and Provisional Appli-
cation No. 61/558,718, filed Nov. 11, 2011, the disclosures of
which are hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

The invention relates to methods for enriching the mono-
mer components of, diacids and adipic acid concentration of,
and/or producing o,w-difunctional alkanes from waste
streams of industrial cycloalkane oxidation.

BACKGROUND OF THE INVENTION

Nylons are polyamides which are generally synthesized by
the condensation polymerisation of a diamine with a dicar-
boxylic acid, w-aminoacids, or lactams. A common variant of
nylon is nylon 6,6 which is formed by the reaction of hexam-
ethylenediamine and hexane-1,6-dioic acid (adipic acid).
Alternatively, nylon 6 may be synthesized by a ring opening
polymerisation of caprolactam. Hence, hexane-1,6-dioic acid
(adipic acid), aminohexanoic acid, hexamethyldiamine and
caprolactam are all important intermediates in the production
of nylons (Anton, A. and Baird, B. R. 2005. Polyamides,
Fibers. Kirk-Othmer Encyclopedia of Chemical Technol-
ogy).

Industrially, these intermediates have been synthesized
using petrochemical-based feedstocks. In currently used
commercial processes, the starting material for producing
adipic acid and caprolactam is cyclohexane, which is then air
oxidized in a series of steps to form a mixture of cyclohex-
anone (K) and cyclohexanol (A) wherein this mixture is
known as KA oil. For adipic acid, the KA oil is oxidized in a
subsequent step to adipic acid via nitric acid oxidation. For
caprolactam, the cyclohexanone is converted to caprolactam
through several well known steps (Oppenheim, J. P. and Dick-
erson, G. L. 2003. Adipic Acid. Kirk-Othmer Encyclopedia of
Chemical Technology). The process and various improve-
ments have been disclosed in U.S. Pat. Nos. 2,439,513, 2,557,
282; 2,791,566, 2,840,607, 2,971,010 and 3,338,959.

In the air oxidation of cyclohexane to KA oil, significant
volumes of waste streams are produced comprising of mix-
tures of dicarboxylic acids, monoacids, hydroxy acids, cyclo-
hexanone, cyclohexanol, and esters/oligomers of such. These
waste streams are called non-volatile residue (NVR), water
wash, or COP acid streams. There have been numerous pub-
lications on chemical methods and processes for recovering
material from these mixtures such as U.S. Pat. No. 4,058,555.
However, the recovery of carbon from these streams suffers
from low yields, and a large portion of the carbon is not
utilized.

Economic and environmental considerations warrant more
efficient carbon utilisation of the petrochemical feedstock
cyclohexane. The utilization of the components in NVR from
the caustic cyclohexyl hydroperoxide (CHHP) decomposi-
tion process as a fermentation substrate was investigated
briefly decades ago (Ramsay et al., Applied & Environmental
Microbiology, 1986, 52(1):152-156), but to date no biologi-
cal processes for the treatment of these waste streams or for
the utilization of the carbon in these waste streams had been
developed due to the highly toxic nature of these streams to
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microorganisms. Thus, these waste streams need to be dis-
posed of by burning and this may require combustion in
specially designed incinerators dependent on the nature of the
steams.

Accordingly, there is a need for alternative methods for
utilizing the carbon lost in these waste streams more effi-
ciently and/or converting the carbon into useful products,
rather than burning it for fuel value or disposing of it.

Summary of Various Embodiments of the Invention

The present invention addresses this and other needs
through the use of enzymes, naturally, and non-naturally
occurring microorganisms to improve the properties and
composition of mixed organic waste streams. In particular,
the inventors have surprisingly found that it is possible to use
enzymes and microorganisms to convert components of the
complex toxic mixture of chemicals present in these mixed
organic waste streams (e.g., NVR, COP acid, and water wash
waste streams) from commercial cycloalkane oxidation (e.g.,
cyclohexane oxidation), to produce a stream enriched in
monomers that can then be converted into useful compounds
such as polyols, diacids, nylon intermediates or precursors
that can be converted to nylon intermediates, or polyurethane
intermediates, despite the biotoxicity of components in these
mixtures. This enables the recovery and/or recycle of by-
products from commercial cycloalkane oxidation processes,
thus providing a more economic and sustainable process.

In particular, the inventors have identified methods where
certain enzymes can be used to convert the substantial amount
of'unavailable C6 components, present as oligomeric esters in
NVR and COP acids, to monomers. Once available as mono-
mers, the components in the hydrolyzed mixture can be
chemically converted to useful products such as poyols in a
much higher yield.

Alternatively, metabolically engineered microoganisms
can be utilized to convert these monomers into useful prod-
ucts, such as a mixture of diacids, 1,6-hexanedioic acid (adi-
pic acid), or other C6 compounds useful for the production of
polymers, e.g., 1,6-hexanediol, caprolactone, 6-aminohex-
anoic acid, hexamethylenediamine, and caprolactam.

The inventors have also identified valerolactone as an
inhibitory component in NVR. By treating the mixed organic
waste stream to remove or diminish the amount of valerolac-
tone present in the mixture, a host cell, unable to naturally
grow in NVR, can grow in the presence of the treated mixture
and catalyze conversion of other mixed organic waste stream
components into desirable compounds.

Accordingly, the present invention provides methods for
enriching monomer content in a cycloalkane oxidation pro-
cess mixed organic waste stream, e.g., NVR, COP acid, or
water wash waste stream, by combining a biocatalyst with a
mixed organic waste stream from a cycloalkane oxidation
process, and enzymatically converting dimeric and/or oligo-
meric components of said waste stream into monomeric com-
ponents.

In some embodiments, the oligomeric ester components in
mixed organic waste stream are hydrolyzed to increase the
amount of monomer components in the stream. In one aspect,
the methods comprise treating the mixed organic waste
stream with a biocatalyst that comprises at least one hydrolase
enzyme, naturally occurring host cell, or non-naturally occur-
ring host cell, hydrolyzing oligomeric esters in said waste
stream into monomers and increasing the amount of mono-
mer components in the mixed organic waste stream.

In another aspect, the methods comprise treating the mixed
organic waste stream with a naturally or non-naturally occur-
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ring host cell, which alone or in combination, hydrolyzes at
least a portion of oligomeric esters in said waste stream into
monomers, hydrolyzes at least a portion of lactones in the
mixed organic waste stream into hydroxy-acids, or oxidizes at
least a portion of linear C4-C6 monoacids, hydroxyacids, and
oxo-acids present in said mixed organic waste stream to the
corresponding diacids, increasing the amount of monomer
components in the mixed organic waste stream.

In one aspect, the biocatalyst is an isolated enzyme or an
enzyme secreted by a naturally occurring or non-naturally
occurring host cell. In another aspect, the biocatalyst is a
non-naturally occurring host cell secreting an endogenous or
heterologous hydrolase acting on oligomeric esters or lac-
tones and/or has a w-hydroxylation pathway to convert mono-
acids to diacids and/or a cyclohexanol degradation pathway
to convert cyclohexanol and cyclohexanone to adipic acid.
The biocatalyst may further have an impaired ability to
degrade adipic acid, 6-hydroxycaproic acid and/or caproic
acid via p-oxidation. The whole cell biocatalyst may further
express enzymes to convert hydroxycaproic acid, 6-oxocap-
roic acid and adipic acid to a,m-difunctional alkanes where
the functional groups are selected from —OH, —COOH and
—NH,.

In one aspect, the hydrolysis of oligomeric esters into
monomers is catalyzed by an isolated or immobilized hydro-
lase, or an endogenous or heterologous hydrolase secreted by
a natural or non-natural occurring host cell during fermenta-
tion and bioconversion.

In another aspect, the hydrolase (EC 3.1.1.-) is alipase (EC
3.1.1.3), esterase (EC 3.1.1.1), cutinase (EC 3.1.1.74), poly-
hydroxyalkanoate (PHA) depolymerase (EC 3.1.1.75 & EC
3.1.1.76), lactone hydrolase such as 1,4-lactonases (EC
3.1.1.25) or gluconolactonase (EC 3.1.1.17), or combinations
thereof.

In one aspect, hydrolysis of oligomeric esters into mono-
mers is catalyzed by a hydrolase that is active at acidic pH, a
physiological pH, or an alkaline pH. In another aspect, the
mixed organic waste stream is treated with a non-naturally
occurring host cell that can utilze and convert carbon sources
in the waste stream at pH 5.0-8.0.

In one aspect, treatment with the hydrolase reduces the
viscosity of the mixed organic waste stream to improve the
efficiency of burning the stream and/or prepare the stream for
further chemical or biological treatment. In particular, the
treated mixed organic waste stream can be burned for fuel
value or to produce syngas, or one or more components of the
treated mixed organic waste stream is used for esterification
to produce mixed esters or polyols, hydrogenation to diols,
oxidation to diacids, reductive amination, sulfonation, or
treatment with NH,OH or polyamines.

In one aspect, the hydrolysis of oligomeric esters into
monomers is performed concurrently with additional separa-
tion, chemical conversion, or enzymatic conversion by a bio-
catalyst. Alternatively, hydrolysis of oligomeric esters into
monomers is performed prior to additional separation, chemi-
cal conversion, or enzymatic conversion by a biocatalyst.

In some embodiments, C4-C6 monoacids and hydroxyac-
ids in the non-volatile residues, COP acid, or water wash are
converted to diacids by treating the mixed organic waste
stream with a naturally occurring or non-naturally occurring
host cell capable of hydrolyzing at least a portion of the
oligomeric esters into monomers; hydrolyzing at least a por-
tion of the lactones into hydroxy-acids; and/or oxidizing at
least a portion of the linear C4-C6 monoacids, hydroxy-acids
and oxo-acids present in said mixed organic acid stream, to
the corresponding diacids. In one aspect, the diacids mixture
is esterified prior to separation into C4, C5, or C6 diacids.
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In another aspect, the mixed organic waste stream is treated
with a non-naturally occurring host cell, which alone or in
combination, hydrolyzes at least a portion of the oligomeric
esters into monomers; hydrolyzes at least a portion of vale-
rolactone to 5-hydroxy-valeric acid; oxidizes at least a por-
tion of caproic acid, 6-hydroxycaproic acid and 6-oxocaproic
acid to adipic acid; converts at least a portion of the cyclic C6
components of the waste stream to adipic acid; catabolizes at
least a portion of C3, C4 and C5 components present in said
mixed organic waste stream; and/or catabolizes C6 compo-
nents at a lower rate than C3, C4 and C5 components in said
mixed organic waste stream. Such treatment increases the
relative concentration of adipic acid in the stream and reduces
the amount of mono-acids and hydroxyacids in the stream. In
one aspect, the diacids mixture is esterified prior to separation
into C4, CS, or C6 diacids. Alternatively, adipic acid is crys-
tallized from the mixture.

In yet another aspect, the mixed organic waste stream is
treated with a non-naturally occurring host cell, which alone
or in combination, hydrolyzes at least a portion of the oligo-
meric esters into monomers; oxidizes at least a portion of
caproic acid to 6-hydroxycaproic acid; converts at least a
portion of the cyclic C6 components to 6-hydroxycaproic
acid or 6-oxocaproic acid; catabolizes at least a portion of C3,
C4 and C5 components present in said mixed organic waste
stream; catabolizes C6 components at a lower rate than C3,
C4 and C5 components in said mixed organic waste stream;
expressing at least one biosynthetic pathway enzyme to con-
vert adipic acid, 6-hydroxycaproic acid or 6-oxohexanoic
acid to 1,6-hexanediol, 6-aminocaproic acid, e-caprolactam
or hexamethylenediamine. Such treatment converts C6 com-
ponents and precursors present in said stream to o.,w-difunc-
tional C6 alkanes.

In one aspect, the non-naturally occurring host cell that
converts oligomeric esters, caproic acid, and cyclic C6 com-
pounds to 6-hydroxycaproic acid, 6-oxohexanoic acid, and
adipic acid also produces 1,6-hexanediol. In a particular
aspect, the host cell producing 1,6-hexanediol expresses an
aldehyde dehydrogenase that catalyzes the conversion of
6-oxohexanoic acid to 6-hydroxycaproic acid, and a alcohol
dehydrogenase that catalyzes the conversion of 6-hydroxyca-
proic acid to 1,6-hexanediol.

In another aspect, the non-naturally occurring host cell that
converts oligomeric esters, caproic acid, and cyclic C6 com-
pounds to 6-hydroxycaproic acid, 6-oxohexanoic acid, or
adipic acid also produces 6-aminocaproic acid. In a particular
aspect, the non-naturally occurring host cell producing
6-aminocaproic acid expresses an aminotransferase that con-
verts 6-oxohexanoic acid to 6-aminocaproic acid. In one
aspect, the non-naturally occurring host cell producing
6-aminocaproic acid also expresseses an amidohydrolase that
converts 6-aminocaproic acid to e-caprolactam. Alterna-
tively, the non-naturally host cell producing 6-aminocaproic
acid also produces hexamethylenediamine via an aldehyde
dehydrogenase that converts 6-aminocaproic acid to 6-ami-
nohexanal, and a 1-aminotransferase that converts 6-amino-
hexanal to hexamethylenediamine.

In one aspect, the naturally or non-naturally occurring host
cell that converts C4-C6 or C6 monoacids, hydroxy-acids and
oxo-acids to diacids via the oxo-acid, has an endogenous or
heterologous m-oxidation pathway that catalyzes conversion
of butyric acid, valeric acid, and/or caproic acid to succinic
acid, glutaric acid, and/or adipic acid; conversion of butyric
acid, valeric acid, and/or caproic acid to 4-hydroxybutyric
acid, 5-hydroxyvaleric acid, and/or 6-hydroxycaproic acid;
conversion of 4-hydroxybutyric acid, 5-hydroxyvaleric acid,
and/or 6-hydroxycaproic acid to 4-oxobutanoic acid, 5-oxo-
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pentanoic acid, and/or 6-oxohexanoic acid; and/or conver-
sion of 4-oxobutanoic acid, 5-oxopentanoic acid, and/or
6-oxohexanoic acid to succinic acid, glutaric acid, and/or
adipic acid. In particular, the naturally or non-naturally occur-
ring host cell with an endogenous or heterologous w-oxida-
tion pathway able to convert aliphatic fatty acids to diacids via
hydroxyl-acids and oxo-acids, and the host cell is an n-alkane
utilizing yeast or bacterium. In a particular aspect, the n-al-
kane utilizing yeast is Yarrowia lipolytica, Candida tropica-
lis, C. albicans, C. cloacae, C. guillermondii, C. intermedia,
C. maltosa, C. parapsilosis, C. zeylenoides, or combinations
thereof, or yeasts of the Rhodotorula, Rhizopus, Trichos-
poron, Debaryomycesand Lipomyces genera or combinations
thereof; and wherein the n-alkane utilizing bacteria is
Pseudomonas fluorescens, P. putida, P. aeroginosa, P. ole-
overans, Marinobacter hydrocarbonoclasticus, Acineto-
bacter sp., such as A. venetianus, Oleiphilus messinensis,
Arthrobacter viscosus, Cupriavidus metallidurans, Rhodo-
coccus sp., such as Rhodococcus rhodochrous and R. eryth-
ropolis, Sphingomona spaucimobilis, Burkholderia cepacia,
Delftia acidovorans, Alcanivorax diesolei or combinations
thereof.

In one aspect, the naturally or non-naturally occurring host
cell that converts at least a portion of the cyclic C6 compo-
nents of the waste stream into 6-hydroxycaproic acid, 6-0xo-
hexanoic acid or adipic acid has an endogenous or heterolo-
gous pathway that catalyzes conversion of cyclohexanol to
6-oxohexanoic acid; conversion of 1,2-cyclohexanediol to
6-oxohexanoic acid; and/or conversion of 6-oxohexanoic
acid to adipic acid.

In one aspect, degradation of adipic acid and/or 6-hydroxy-
caproic acid and/or caproic acid via p-oxidation is impaired,
either by preventing the C6 acids to be activated to the CoA
esters, or by deletion of one or more PDX genes encoding
acyl-CoA oxidases.

Inaparticular aspect, conversion of 1,2-cyclohexanediol to
6-oxohexanoic acid includes conversion of cyclohexane-1,2-
diol to cyclohexane-1,2-dione and/or conversion of cyclohex-
ane-1,2-dione to 6-oxohexanoic acid.

In another particular aspect, conversion of cyclohexanol to
cyclohexanone includes conversion of cyclohexanone to
e-caprolactone; conversion of e-caprolactone to 6-hydroxy-
hexanoic acid; and/or conversion of 6-hydroxyhexanoic acid
to 6-oxohexanoic acid.

Invarious embodiments, some of the 6-carbon components
including 6-hydroxyhexanoic acid and/or caproic acid in the
non-volatile residues or water wash are converted to adipic
acid.

In various embodiments, some of the residual cyclohex-
anone and/or cyclohexanol in the non-volatile residues or
water wash are converted to 6-hydroxyhexanoic acid or
6-oxohexanoic acid.

In one aspect, the naturally or non-naturally occurring host
cell is tolerant to NVR. In a particular aspect, the host cell is
tolerant to at least 1% of the mixed organic waste stream by
volume. In another aspect, the tolerance of the host cell to the
mixed organic waste stream is improved by reducing the
amount of inhibitory compounds in said stream. In a particu-
lar aspect, the inhibitory compounds are lactones, and the
amount of lactones in the mixed organic waste stream is
reduced by treatment of said stream with one or more bio-
catalysts capable of hydrolyzing the lactones to the corre-
sponding hydroxy-acids before or during treatment of the
mixed organic waste stream with the naturally occurring or
non-naturally occurring host cell. In another aspect, the bio-
catalyst is an enzyme expressed by the host cell and secreted
during fermentation.
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In one aspect, the rate of catabolism of C6 compounds by
the host cell is decreased to provide a higher yield of C6
components from the waste stream. In a particular aspect,
degradation of caproic acid, hydroxycaproic acid, and adipic
acid to acetyl-CoA through f-oxidation by the host cell is
reduced. In a more particular aspect, degradation of caproic
acid, hydroxycaproic acid and adipic acid through p-oxida-
tion is reduced by deleting or inhibiting enzymes that use
caproic acid, hydroxycaproic acid and adipic acid to form
CoA esters. In one aspect, degradation of caproic acid,
hydroxycaproic acid, and adipic acid through [-oxidation is
reduced by deleting or inhibiting enzymes that oxidize CoA
esters. Exemplary enzymes that form CoA esters are CoA
ligases and CoA transferases. Exemplary enzymes that oxi-
dize CoA esters are acyl-CoA oxidases, and acyl-CoA dehy-
drogenases.

Advantageously, the methods described herein reduce the
use of petrochemical based raw materials and provide a sus-
tainable process that utilizes waste products from a commer-
cial industrial process. Although, these processes can be per-
formed in new facilities if desired, these processes can be
performed in existing commercial plants and thus do not
require the construction of new, costly plants. Moreover, as
the feedstock is generated in situ, transportation costs are
minimized because the adipic acid produced may be fed
directly into existing purification and/or crystallisation facili-
ties.

In various embodiments, some of the 4-carbon and 5-car-
bon components of the NVR or water washed streams are
catabolized or converted to the corresponding diacids.

The invention also provides for compositions comprising a
mixed organic waste stream of a cycloalkane oxidation pro-
cess and a biocatalyst. In one aspect, the mixed organic waste
stream comprises NVR, water wash/COP acid, or caustic
wash stream. In another aspect, the biocatalyst is an isolated
enzyme or an enzyme secreted by a naturally occurring or
non-naturally occurring host cell or a whole cell.

In another aspect, the host cell is tolerant to NVR. In a
particular aspect, the host cell is tolerant to at least 1% of the
mixed organic waste stream by volume.

In one aspect, the naturally or non-naturally occurring host
cell comprises an endogenous or heterologous w-oxidation
pathway that is able to convert aliphatic fatty acids to diacids
via hydroxyl-acids and oxo-acids, and the host cell is an
n-alkane utilizing yeast or bacterium. In a particular aspect,
the n-alkane utilizing yeast is Yarrowia lipolytica, Candida
tropicalis, C. albicans, C. cloacae, C. guillermondii, C. inter-
media, C. maltosa, C. parapsilosis, C. zeylenoides, or com-
binations thereof or yeasts of the Rhodotorula, Rhizopus,
Trichosporon, Debaryomycesand Lipomyces genera or com-
binations thereof; and wherein the n-alkane utilizing bacteria
is Pseudomonas fluorescens, P. putida, P. aeroginosa, P. ole-
overans, Marinobacter hydrocarbonoclasticus, Acineto-
bacter sp., such as A. vemnetianus, Oleiphilus messinensis,
Arthrobacter viscosus, Cupriavidus metallidurans, Rhodo-
coccus sp., such as Rhodococcus rhodochrous and R. eryth-
ropolis, Sphingomona spaucimobilis, Burkholderia cepacia,
Delftia acidovorans, or Akanivorax diesolei or combinations
thereof.

Detailed Description of Various Embodiments of the
Invention

The methods of the invention use at least one biocatalyst to
enable a higher yield and improved recovery of components
from organic waste streams. The term “biocatalyst,” as used
herein, refers to an isolated or purified enzyme, or an enzyme
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produced in situ by a host cell that performs a single chemical
transformation of an organic molecule, or a whole cell that
catalyzes a series of sequential transformations of one or
more organic molecules. The isolated or purified enzyme may
be purchased from commercial sources, or purified from a
host cell that expressed the enzyme either naturally or non-
naturally. The host cell can be naturally occurring or non-
naturally occurring, e.g., genetically engineered. The host
cell may be a prokaryote, such as bacteria or archaea, or a
eukaryote, such as yeast or animal cells. The host cell may
express and secrete the enzyme, which is capable of cata-
lyzing a particular reaction, e.g., hydrolysis. In addition, the
host cell can contain additional enzymatic pathways that cata-
lyze different reactions. By way of example, the host cell can
contain a w-hydroxylation pathway, which catalzyes the oxi-
dation of mono-hydroxy- and oxo-acid components in the
mixed organic waste stream, or enzymes that transform a
compound formed from components of the waste stream such
as 6-oxohexanoic acid, to generate a more commercially
valuable product such as 6-aminocaproic acid.

In particular, the biocatalyst hydrolyzes oligomeric esters
into monomers. This improves the burn value the waste
stream and/or improves the composition of the waste stream
by producing monomers that are available for subsequent
chemical or enzymatic processing, such as enriching diacids,
adipic acid, and difunctional alkanes. An important step in the
development of the methods described herein is the identifi-
cation of a host cell that naturally expresses and/or has been
genetically modified to express the various enzymes and
pathways necessary for the conversion of the compounds
present in the NVR, COP acid, and water wash waste of
industrial cyclohexane oxidation into more desirable com-
pounds. In some cases, the naturally and non-naturally occur-
ring host cells can use those compounds present in the NVR
and water wash waste (which cannot easily be converted to
6-oxohexanoic acid) as a nutrient source for growth.

The inventors surprisingly discovered that the host cells
remain viable and the enzymes active in the presence of
mixed organic waste streams, and able to convert the less
desirable components of the waste stream into industrially
and commercially useful compounds or intermediates. Fur-
thermore, the inventors’ discovery that host cells are able to
tolerate (and, in some instances, catabolize components of)
NVR and water wash waste streams of industrial cyclohexane
oxidation, despite the array of inhibitory chemicals present in
NVR and water wash waste as by-products of the oxidation
process, was also unexpected.

DESCRIPTION OF THE FIGURES

FIG. 1 is a schematic illustration of the enzyme conver-
sions which are involved in the conversion of aliphatic and
cyclic C6 components of the NVR and water wash waste of
industrial cyclohexane oxidation to adipic acid. The figure
also illustrates the conversions necessary to convert C3-C5
components of the NVR and water wash waste into com-
pounds that can be fed into the central metabolism of a cell
such that the cell may use those compounds for growth.
Further, the figure illustrates those enzyme conversions that
may be inhibited in the engineered cells of the invention to
increase the overall yield of the desired product. These inhib-
ited pathways are indicated by the presence of a cross over the
arrow showing the direction of conversion.

FIG. 2 is a schematic illustration which shows exemplary
enzyme conversions for the conversion of 6-hydroxycaproic
acid to 1,6-hexanediol and of 6-oxohexanoic acid to 6-ami-
nohexanoic acid, which is then converted to caprolactam, or
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to hexane-1,6-diamine (hexamethylenediamine) via 6-ami-
nohexanal. 1:1-aminotransferase EC 2.6.1.191, also ami-
notransferase from Bacillus weihenstephanensis KBAB4,
Pseudomonas aeruginosa gi99510722; 2: Carboxylate
reductase EC1.2.99.6 or aldehyde dehydrogenase EC 1.2.1.3/
EC 1.2.1.31; 3: 6-hydroxyhexanoate dehydrogenase EC
1.1.1.258; 4: alcohol/aldehyde dehydrogenase EC 1.2.1.10;
5: amidohydrolase (EC 3.5.2.-), such as EC 3.5.2.11.

FIG. 3 is a schematic diagram of the expression vector
construct used for expression of enzymes targeted for extra-
cellular secretion in the host strain Yarrowia lipolytica.

FIG. 4 shows photographs of representative clearance plate
assays testing the ability of commercial esterases and lipases
to hydrolyze NVR and COP acid oligomers. FIG. 4, panel A
shows hydrolysis of COP acid (4% v/v) by esterases: well 1 is
a control (no enzyme, phosphate buffer only); well 2 is Mucor
miehei esterase; well 3 is Pseudomonas fluorescens esterase;
well 4 is Pseudomonas sp. Cholesterol esterase; well 5 is
Bacillus stearothermophilu esterase; well 6 is Horse liver
esterase; well 7 is Candida lipolytica esterase; well 8 is Rho-
zopusoryza esterase; and well, 9 is Saccharomyces cerevisiae
esterase. FIG. 4, panels B and C show hydrolysis of COP acid
(4% v/v) by lipases: c—no enzyme control (phosphate
buffer), well 1. Thermomyceslanuginosus, well 2. Burhold-
eria capacia lipase, well 3. Mucor miehei lipase, well 4.
Rhizomucor miehei lipase, well 5. Pseudomonas fluorescens
lipase, well 6. Penicillium camemberti lipase, well 7.
Aspergillus niger lipase, well 8. Aspergillus niger amano
lipase A, well 9. Candida antartica lipase A, well 10. Candida
rugosa lipase type 111, and well 11. Rhizopus niveus lipase.

FIG. 5 shows hydrolysis of polycaprolactone diol polymer
(2%, w/v, MW=530 g/mol) by selected esterases at different
pH. The esterase from Mucor miehei (E1) and Rhizopus
oryzae (E12) was active at pH 3.5. The esterase from Strep-
tomyces diostotochromogenes (E8) is an alkaline esterase and
only displayed activity at pH>8.

FIG. 6 shows an increase in the concentration of caproic
acid, 6-hydroxycaproic acid, adipic acid and total acids in
NVR reaction mixture (2% v/v) in phosphate buffer (100
mM, pH 7.0) treated for 16 hours with selected esterases
during biotransformation assays.

FIG. 7 shows the increase in the concentration of 6-hy-
droxycaproic acid in NVR reaction mixture (2% v/v) in phos-
phate bufter (100 mM, pH 7.0) treated for 16 hours with
selected lipases during biotransformation assays

FIG. 8 shows an increase in the concentration of caproic
acid, hydroxycaproic acid, adipic acid and total acids in COP
acid (4% v/v) in phosphate buffer (100 mM, pH 7.0) treated
for 16 hours with selected esterases during biotransformation
assays.

FIG. 9 shows an increase in the concentration of caproic
acid, hydroxycaproic acid, adipic acid and total acids in COP
acid (4% v/v) in phosphate buffer (100 mM, pH 7.0) treated
for 16 hours with selected lipases during biotransformation
assays.

FIG. 10 shows an increase in the concentration of 6-hy-
droxycaproic acid, in NVR (4% v/v) in phosphate buffer (100
mM, pH 7.0) treated for 16 hours with immobilized lipases
during biotransformation assays.

FIG. 11 shows photographs of representative clearance
plate assays testing the ability of recombinant Y. lipolytica
yeast strains, expressing variants of the endogenous Lip2
lipase created by directed evolution, to hydrolyze oligomeric
esters. Y. lipolytica untransformed host and Mucor miehei
esterase was used as controls to judge the relative activity of
the secreted lipase variants. Variant 15 and 36 displayed high
activity as judged by the size of the halo around the colony.
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FIG. 12 is a schematic illustration of the chemo-stat fer-
mentation set-up used to select strains that can catabolize
butyric acid and valeric acid present in NVR.

FIG. 13 is a graphical representation showing that chemo-
stat steady state was attained at a dilution rate of about 0.1
[h'].

FIG. 14 is a graphical representation showing the pH dis-
turbance during the approach to steady state at a dilution rate
of about 0.1 [h™"].

FIG. 15 is a graphical representation showing the results
from a pH excursion drift experiment at near steady state at a
dilution rate of about 0.1 [h™"].

FIG. 16 shows the chemo-stat with cell retention experi-
mental set-up used to study cell retention of Y. lipolytica
grown in NVR as a carbon and energy source.

FIG. 17 shows the steady state chemostat cultivation with
cell retention using 2 [%] (v/v) NVR at a flow rate of ~215
[mI/h] and an effective biomass dilution rate of 0.025 [h™'].

FIG. 18 shows growth of selected yeasts in the presence of
0.1-1 g/l lactones. Iss #125 is S. cerevisiae (control). Iss #134
is isolated from plates after slow growth on 3% (v/v) NVR+
YPD media. Iss #137 is isolated from chemo-stat using syn-
thetic NVR component feed.

FIG. 19 shows an accumulation of valerolactone in a cell
retention chemo-stat using 1-2% NVR as sole carbon source.

FIG. 20 shows the genes involved in oxidation of cyclo-
hexanone to adipic acid including ChnC that catalyze the
conversion of caprolactone to 6-hydroxycaproic acid. Several
enzymes calssed as ChnC also catalyze the conversion of
valerolactone to 5-hydroxyvaleric acid.

FIG. 21 illustrates that 6-hydroxycaproic acid and adipic
acid accumulate in reaction supernatants of ¥ lipolytica
strains with impaired B-oxidation (various PDX mutants
when incubated with NVR (4%), while no accumulation is
observed in parent and wild type strains. Deletion of PDX
genes encoding acyl-CoA oxidases thus prevents degradation
of both adipic acid and 6-hydroxycaproic acid in NVR
through p-oxidation.

FIG. 22 illustrates that 6-hydroxycaproic acid and adipic
acid in NVR are degraded by parent and wild type strains,
while PDX mutants accumulate both acids. PDX 3 has the
greatest effect on the degradation of C6 components.

MIXED WASTE STREAMS: NON-VOLATILE
RESIDUES, WATER WASH WASTE, AND COP
ACID

Commercial cycloalkane oxidation to diacid processes
generally involves two steps. In the first of these steps,
cycloalkane is oxidized using air to produce a mixture of
cycloalkanol and cycloalkanone. This mixture is then oxi-
dized to the diacid using nitric acid. Several by-product
streams are generated during production of the KA mixture.
More specifically, when cyclohexane is oxidized with oxygen
or a gas containing oxygen, an intermediate stream which
contains cyclohexanol (A), cyclohexanone (K), and cyclo-
hexyl hydroperoxide (CHHP) in cyclohexane is produced.
This intermediate stream also includes co-products which
interfere with subsequent processing steps intended to con-
vert CHHP to KA. Therefore, commercial processes may
include a step wherein the intermediate stream which con-
tains K, A, and CHHP is contacted with water or caustic (such
as described in U.S. Pat. No. 3,365,490) to remove the
unwanted co-products. This extraction step yields (i) a puri-
fied cyclohexane stream which contains K, A and CHHP; and
(i1) a water waste stream.
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The term “water wash,” “water wash waste stream,” or
“water waste stream” as used herein refers to the aqueous
stream produced by water extraction of cyclohexane oxidate
(Oppenheim, J. P. and Dickerson, G. L. 2003. Adipic Acid.
Kirk-Othmer Encyclopedia of Chemical Technology). The
water wash contains various mono- and di-acids, hydroxy-
acids, and other oxidation byproducts foimed during the ini-
tial oxidation of cyclohexane.

Once conversion of CHHP to K and A has been completed,
the resulting mixture is refined in order to recover (i) unre-
acted cyclohexane for recycle, and (ii) to obtain purified K
and A for subsequent oxidation to adipic acid or conversion to
caprolactam. The term “non-volatile residue stream” or
“NVR” as used herein refers to the high-boiling distillation
bottoms from distillative recovery of cyclohexane oxidation
products cyclohexanol and cyclohexanone having low chro-
mium content, more suitable for combustion (Oppenheim, J.
P. and Dickerson, G. L. 2003. Adipic Acid. Kirk-Othmer
Encyclopedia of Chemical Technology). NVR comprises
several components, including, but not limited to, butyric
acid, valeric acid, caproic acid, 5-hydroxyvaleric acid, 6-hy-
droxycaproic acid, valerolactone, succinic acid, glutaric acid,
and adipic acid as well as cylohexanol, cyclohexanediols and
cyclohexanone.

To summarize, the co-product streams, sometimes referred
to herein as “by-product” streams, available from a cyclohex-
ane oxidation processes include “Water Wash” (the aqueous
stream produced by water extraction of cyclohexane oxidate)
and “NVR?” (the high-boiling distillation bottoms from KA
refining, CAS Registry Number 68411-76-7). Concentration
of water wash by removal of at least some of the water
produces a concentrated water extract stream known as “COP
Acid” The term “COP acid” as used herin refers to a water
wash stream that had been thermally treated to remove per-
oxides and concentrated to remove at least some of the water
(CAS Registry Number 68915-38-8). See U.S. Pub. No. US
2004/0054235, incorporated herein by reference, describing
production of NVR, and U.S. Pub. Nos. US 2012/0064252
and US 2012/0101009, incorporated herein by reference,
describing processing of NVR, Water Wash, or COP acid
through conversion of free acid functional groups to mono-
meric esters and oligomeric esters, and converting oligomeric
esters to monomeric esters.

In an embodiment, “COP Acid” may be provided by con-
tacting cyclohexane air oxidation products with water in an
extraction step and separating the aqueous phase, the extract
hereinafter called “Water Wash.” In an embodiment, the
“Water Wash” is thermally treated to destroy peroxides that
may pose difficulties during storage and shipment. The water
wash may be concentrated by partial removal of water to
reduce storage volume and transportation cost.

In an embodiment, COP Acid generally may contain about
10% to 70% by weight water. In an embodiment, COP Acid
may contain about 10% to 50% by weight water. In an
embodiment, NVR may contain about 10% to 50% by weight
water. In an embodiment, Wash Water may contain about 70%
to 90% by weight water. In an embodiment, Wash Water may
contain about 85% by weight water.

As starting materials for the methods, a portion of products
from an aqueous extract from a cyclohexane oxidation pro-
cess (or from a system), hereinafter called “Water Wash”, a
concentrated aqueous extract from a cyclohexane oxidation
process, herein after called “COP Acid”, the distillation bot-
toms from KA refining referred to herein as nonvolatile resi-
due or “NVR”, or a combination thereof, can be used. In
regard to “a combination thereof”, any one or a combination
of'two (e.g., water wash and COP acid; water wash and NVR;
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or COP and NVR) or a combination of all three (i.e., water
wash, COP acid, and NVR) can be considered a combination
thereof.

Components of Mixed Organic Waste Streams

The non-volatile residues and water wash waste streams of
cyclohexane oxidation comprise a mixture of compounds,
some of which are linear C6 molecules, some are cyclic C6
molecules, and some are polymeric esters comprising linear
C6 molecules. Other compounds of shorter chain length are
also present in the NVR and water wash waste streams.

In particular, the non-volatile residues and water wash
waste streams contain both mono- and poly-functional prod-
ucts. The functional groups which may be present on these
products include acids, peroxides, ketones, alcohols, esters,
and oligomers. Other functional groups such as aldehydes,
lactones and alkenes may also be present. A single molecule
may include one or more functional groups (Ramsay et al.,
Applied & Environmental Microbiology, 1986, 52(1):152-
156).

Examples of products which include a hydroxylacid group
and which may be present in the non-volatile residue and/or
water wash waste streams include but are not limited to
hydroxyhexanoic acid, hydroxypentanoic acid, hydroxybu-
tanoic acid, hydroxypropanoic acid and hydroxyacetic acid.
In one embodiment, the acid group may be positioned at one
end of a linear hydrocarbyl chain, while a hydroxyl group
may be present at various positions on the chain.

In one embodiment, the hydroxyhexanoic acid is 2-hy-
droxyhexanoic acid, 3-hydroxyhexanoic acid, 4-hydroxy-
hexanoic acid, 5-hydroxyhexanoic acid or 6-hydroxyhex-
anoic acid.

In one embodiment, the hydroxypentanoic acid is 2-hy-
droxypentanoic acid, 3-hydroxypentanoic acid, 4-hydroxy-
pentanoic acid or 5-hydroxypentanoic acid.

In one embodiment, the hydroxybutanoic acid is 2-hydrox-
ybutanoic acid, 3-hydroxybutanoic acid or 4-hydroxybu-
tanoic acid.

In one embodiment, the hydroxypropanoic acid is 2-hy-
droxypropanoic acid or 3-hydroxypropanoic acid.

Examples of products which include a mono-acid group
and which may be present in the non-volatile residue and/or
water wash waste streams include but are not limited to:
formic acid, acetic acid, propanoic acid, butanoic acid, pen-
tanoic acid and hexanoic acid.

Examples of products which include a di-acid group and
which may be present in the non-volatile residue and/or water
wash waste streams include but are not limited to: malonic
acid, succinic acid, glutaric acid, adipic acid, fumaric acid,
maleic acid, oxalic acid and hex-2-enedioic acid.

Examples of products which include a keto-acid group and
which may be present in the non-volatile residue and/or water
wash waste streams include but are not limited to: an alpha-
keto acid, for example a 2-0xo acid such as pyruvic acid, a
beta-keto acid, for example a 3-oxo acid such asacetoacetic
acid, a gamma-keto acid, for example, a 4-oxo acid such as
4-oxo0 pentanoic acid (also known as levulinic acid) and 5-oxo
hexanoic acid.

Examples of products which include an alcohol group and
which may be present in the non-volatile residue and/or water
wash waste streams include but are not limited to: cyclohex-
anol, propanol (e.g. 1-propanol, 2-propanol), butanol (e.g.
1-butanol, 2-butanol, etc), pentanol (e.g. 1-pentanol, 2-pen-
tanol etc.), hexanol (e.g. 1-hexanol, 2-hexanol, etc.) and diols
such as 1,2-, 1,3- and 1,4-cyclohexanediols, various butane-
diol isomers and various pentanediol isomers.

Examples of products which include a peroxide group and
which may be present in the non-volatile residue and/or water
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wash waste streams include but are not limited to: cyclohexy-
Ihydroperoxide and hydroxyhexanoic hydroperoxide.

Examples of products which include an ester group and
which may be present in the non-volatile residue and/or water
wash waste streams include but are not limited to: cyclohexy-
Iformate and cyclohexylpentanoate.

Examples of products which include a ketone group and
which may be present in the non-volatile residue and/or water
wash waste streams include but are not limited to: cyclohex-
anone and cyclopentanone.

Examples of products which include an aldehyde-acid
group and which may be present in the non-volatile residue
and/or water wash waste streams include but are not limited
to: 5-formyl pentanoic acid and 4-formyl butanoic acid.

Examples of products which include a lactone group and
which may be present in the non-volatile residue and/or water
wash waste streams include but are not limited to: gamma-
butyrolactone, delta-valerolactone, gamma-valerolactone
and epsilon-carpolactone.

Examples of products which include an alkene group and
which may be present in the non-volatile residue and/or water
wash waste streams include but are not limited to: cyclohex-
ene-1-one, pentenoic acid and cyclohexene-ol.

Examples of products which include ester group and which
may be present in the non-volatile residue and/or water wash
streams include but are not limited to: esters or oligomers of
6-hydroxyhexanoic acid and cross esters or oligomers con-
taining 6-hydroxyhexanoic acid and dicarboxylic acids such
as 1,6-hexandoic acid.

Hydrolysis of Oligomeric Mixed Organic Waste Stream
Components by a Biocatalyst

Up to 60% of the available C6 carbon molecules in NVR
are present as ester oligomers of hydroxycaproic acid, adipic
acid and hexanoic acid, as well as, mixed polymeric esters
incorporating C4-C5 hydroxy-acids, monoacids and cyclic
alcohols. Similar oligomeric esters are present in COP acid,
albeit with lower heterogeneity, consisting predominantly of
hydroxy-caproic acid. Hydroxy-caproic acid is the main
component of these oligomers, while mono-acids and diacids
act as chain terminators, resulting in oligomers of different
chain lengths. Commercially viable utilization of NVR and
COP acid requires release of the monomers from the oligo-
meric esters to improve the yield of products such as polyols,
(C4-C6 dibasic acids or dibasic ester mixtures or o.,m-difunc-
tional C6 alkanes useful for polymer applications that can be
derived from these waste streams. The high level of oligomers
in NVR also lead to high viscosity and low efficiency of
burning where NVR is disposed of as boiler fuel.

Carboxyl ester hydrolases (EC3.1.1.-) are hydrolytic
enzymes that hydrolyze esters into alcohols and acids.
Lipases (EC 3.1.1.3) are a subclass of these hydrolases which
hydrolyze lipids and can act at the interface of aqueous and
organic phases. Esterases (EC 3.1.1.1), cutinases (EC
3.1.1.74, polyhydroxyalkanoate (PHA) depolymerases (EC
3.1.1.75 & EC 3.1.1.76), lactone hydrolase such as 1,4-lac-
tonases (EC 3.1.1.25) or gluconolactonases (EC 3.1.1.17)
also hydrolyze ester bonds.

Lipases can be classified based on the topography of their
binding sites, gene sequence, function or other properties.
The Lipase Engineering Database (LED) integrates informa-
tion on sequence, structure and function of lipases, esterases
and related proteins with the o/ hydrolase fold to generate a
classification system for all lipases (Widmann et al., BMC
Genomics 2010, 11:123). Depending on the amino acids
involved in forming the oxyanion hole, which, in addition to
the catalytic triad (Ser-Asp(Glu)-His), form the active site,
lipases from any organism can be categorized into three
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groups: the GGGX-, GX- and the Y-class. Once lipases with
the desired activity against a given substrate had been iden-
tified, this database is a useful resource to extrapolate the
results to identify additional enzymes with desired specifici-
ties and properties.

In one embodiment, the invention provides for the use of
one or more enzymes such as a combination of lipases and
esterases. For example, in one aspect, the lipase hydrolyzes an
oligomeric ester into a smaller oligomer and the esterase
hydrolyzes the smaller oligomer into monomers

The methods of the present invention provide the means to
improve the properties and composition of a mixed organic
waste stream from a cyclohexane oxidation process by apply-
ing at least one biocatalyst to the waste stream. Organic waste
streams are generated by a limited number of sources, and the
waste streams are most often burned for fuel value or to
produce syngas. As a result of burning the waste streams or
converting them into syngas via, e.g., steam reforming, the
commercially valuable C6 components of the streams are
lost. In addition, as much as 40-60% of the C6 components of
the waste streams are “trapped” as oligomers, which results in
poor recovery of useful compounds from further chemical or
enzymatic processing using the waste streams as input mate-
rials and reduces the efficiency of burning the waste streams
for fuel, as oligomers do not burn as efficiently as monomers.
Without being bound by theory, it is believed that oligomers
in NVR increase the viscosity of the stream, which hinders
efficient atomisation at the burner tip. Furthermore, it is
believed that since the oligomers vary in composition and
quantity, it is very difficult to optimize the burning process.
Elimination of the oligomers from NVR and COP acid may
thus result in lower viscosity of the stream, which results in a
more uniform stream, that is easier to dispose of by incinera-
tion.

These limitations associated with mixed organic waste
streams, e.g., NVR and COP acid, diminishes use of the waste
streams and their C6 components in commercially valuable
operations, e.g., production of diacids or nylon intermediates.

The present invention provides methods for releasing the
C6 components as monomers by applying at least one bio-
catalyst to the waste stream, wherein the biocatalyst hydro-
lyzes the oligomers to form monomers. The monomers can be
more efficiently burned for fuel and/or used in subsequent
chemical and enzymatic processing to provide improved
yield.

In one aspect, the biocatalyst is an isolated enzyme, an
immobilsed enzyme, a host cell that naturally expresses an
enzyme, or a host cell that has been modified to secrete a
carboxylesterase from the «,f-hydrolase fold family (EC
3.1.1.-).

The hydrolase capable of hydrolyzing oligomeric esters
into monomers may be an isolated or immobilized enzyme.
Alternatively, the hydrolase may be an endogenous or heter-
ologous hydrolase secreted by a naturally occurring or non-
naturally occurring host cell during fermentation and biocon-
version.

In one aspect, the hydrolase capable of hydrolyzing oligo-
meric esters into monomers is a carboxylic ester hydrolase
(EC3.1.1.-). In another aspect, the hydrolase is selected from
alipase (EC 3.1.1.3), an esterase (EC 3.1.1.1), a cutinase (EC
3.1.1.74), apolyhydroxyalkanoate (PHA) depolymerase (EC
3.1.1.75 & EC 3.1.1.76), a lactone hydrolase, or combina-
tions thereof. In a particular aspect, the lactone hydrolase is a
1,4-lactonases (EC 3.1.1.25) or a gluconolactonases (EC
3.1.1.17).

Depending on the specific cyclohexane oxidation process
from which the NVR, COP acid, water wash or caustic waste
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streams are generated, and the intended application, hydroly-
sis of the oligomeric esters may be perfotmed under difterent
pH conditions. For example, NVR, COP acid, and water wash
from cyane oxidation is acidic, while the caustic CHHP pro-
cess results in an alkaline NVR stream and a caustic water
wash & COP waste stream. It is thus advantageous to be able
to hydrolyze the oligomers present in the different NVR and
concentrated water wash stream with different enzymes that
can be used under acidic, neutral or basic conditions.

The mixed organic waste stream can be treated with the
hydrolase with or without adjusting the pH and water content
of the mixture. The hydrolase is selected according to its
ability to retain its enzymatic activity at the appropriate pH
such that it can hydrolyze oligomeric esters present in the
waste stream to monomers at a near neutral pH, an acidic pH,
or an alkaline pH. In one aspect, the mixed organic waste
stream is treated with a hydrolase that is active at an acidic pH,
i.e., pHless than 6. In another aspect, the mixed organic waste
stream is treated with a hydrolase that is active at an alkaline
pH, i.e., pH greater than 8. In yet another aspect, the mixed
organic waste stream is treated with a hydrolase that is active
at a physiological pH, i.e., pH 6-8.

Treatment of the mixed organic waste stream with a hydro-
lase can reduce the viscosity of the stream and improve the
efficiency of burning the stream. In addition, hydrolase treat-
ment of the mixed organic waste stream can also prepare the
stream for further chemical and/or biological processing.

In one aspect, hydrolase treated mixed organic waste
streams, such as NVR, are burned for fuel value or to produce
syngas. Without being bound by theory, it is believed that if
the monomers are released from oligomeric esters by
hydrolysis, the resultant mixture burns more efficiently when
disposed of as boiler fuel. In another aspect, at least one
component from the hydrolase treated mixed organic waste
streams, such as NVR, is used for further chemical process-
ing. Exemplary further chemical processing of the monomers
includes esterification to produce mixed esters or polyols,
hydrogenation to diols, oxidation to diacids, reductive ami-
nation, sulfonation, or treatment with NH,OH or polyamines.

Where the waste stream treated with a hydrolase is
intended to be used as a boiler fuel, or where the waste stream
is treated with a hydrolase to prepare it for further chemical
processing, it is advantageous to minimize dilution of the
waste stream with water and to minimize adjustment of the
pH of the mixture prior to or during treatment with the hydro-
lase. A hydrolase that retains activity at a low pH is most
advantageous for the treatment of waste streams resulting
from cyane oxidation process while a hydrolase that retains
activity at alkaline pH is most advantageous in the case of
waste streams resulting from the CHHP process. Where the
waste stream is intended to be subjected to biological treat-
ment by host cells to catabolize components of the waste
stream and/or convert components in the waste stream to
diacids or a,m-difunctional alkanes, it is most advantageous
to employ a hydrolase that is active at near physiological pH
(pH 5-8).

For example, the inventors demonstrated that, despite ¥.
lipolytica’s broad growth pH range (pH 3.0-9.0), the growth
rate of the host cell on carbon sources present in the mixed
organic waste streams may be significantly inhibited at an
acidic pH and/or an alkaline pH (growth inhibition in NVR at
pH>8.0 and pH<S5.0). See, Example 2. In one aspect, the
mixed organic waste stream is treated with host cell biocata-
lyst that can utilize carbon sources in the waste stream at pH
5.0-8.0.

Hydrolysis of the oligomeric ester components of the
mixed organic waste stream can be performed concurrently
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with additional separation, chemical conversion, or enzy-
matic conversion by enzymes that are secreted by a host cell
during fermentation. The mixed organic waste stream can be
treated with a hydrolase before fermentation by treating the
stream with a free or immobilised hydrolase or during fer-
mentation by adding a biocatalyst to the fermentation broth in
batch, step-wise, or with the nutrient feed. Alternatively, the
host cell can secrete enzymes during fermentation into the
fermentation broth, which hydrolyze oligomeric esters
present in NVR.

Carboxyl esterases are known that are active at near physi-
ological pH (pH 5-8). Those skilled in the art will know that
the pH optimum, substrate specificity, and activity of such
hydrolases can be altered by enzyme engineering employing
rational design or directed evolution techniques. (Dalby, P. A.
(2003). Optimizing enzyme function by directed evolution.
Current Opinion in Structural Biology, 13, 500-505). In
Example 1, several lipases and esterases are provided that are
able to hydrolyze oligomeric esters in NVR and COP acid at
pH 5-8. Furthermore, examples of esterases that displayed
hydrolytic activity for oligomeric esters in NVR and COP
acid at pH 3.5, such as the esterase from Mucor miehei (E1)
and Rhizopus oryzae (E12), and an alkaline esterase that only
displayed activity at pH>8 from Strepromyces diostotochro-
mogenes (E8) are provided in Example 1.

Carboxyl esterases that are active at very low pH (pH<3.5)
are not well documented. However, the inventors identified
several hydrolases that can be utilized to treat NVR and COP
acid streams to hydrolyze the oligomeric esters at pH<S.,
such as the lipases from Aspergillus niger NCIM 1207 (Gen-
Bank Anl16g01880; SEQ ID NO:6), Kurtzmanomyces sp.
1-11 (GenBank BAB 91331.1; SEQ ID NO:5), the hyperther-
mophilic archaeon Pyrobaculum calidifontis Val (GenBank
BAC06606; SEQ ID NO:8), and Picrophilus torridus
esterase (GenBank AAT43726; SEQ ID NO:7). It has been
shown that Aspergillus niger NCIM 1207 produces high lev-
els of extracellular lipase active at pH 2.5 (Mahadik et al.,
2002. Process Biochemistry, 38: 715-721). This unique lipase
from A. niger was purified and characterized under sub-
merged feimentation (Mhetras et al., 2009. Bioresource Tech-
nology, 100: 1486-1490). It is a 32.2 kDa protein with a pI of
8.5, an optimum temperature of 50° C., and optimum pH at
2.5. At lower pH (such pH1.5), the activity decreases.

The Kurtzmanomyces sp. 1-11 strain is a high level pro-
ducer of mannosylerythritol lipid produced when the cells are
grown in a medium containing soybean oil as a sole carbon
source. During the initial phase of cultivation, the pH of the
culture broth dropped to 3.2 and the soybean oil was rapidly
hydrolyzed to the fatty acid and the glycerol at that pH,
suggesting that acidophilic lipase(s) was produced in the
culture broth. Kurtzmanomyces sp. 1-11 strain lipase shows a
high sequence identity with the Candida antarctica A lipase,
which had been shown by the inventors to hydrolyze oligo-
meric esters in NVR and COP acid with high activity (L5 in
example 1). An extracellular lipase produced by the yeast
Kurtzmanomyces sp. 1-11 was purified and characterized
(Kakugawa et al., 2002. Bioscience Biotechnology Biochem-
istry, 66(5): 978-985). It is a 49 kda protein with an optimum
temperature at 75° C. but the activity is stable at temperatures
below 70° C. This acidic lipase has an activity pH range in
acidic regions (pH 1.9-7.2) and the activity is stable in the
presence of various organic solvents at concentration of 40%.

The hyperthermophilic archacon Pyrobaculum calidifontis
Val has been reported to produce a highly active thennostable
carboxyesterase. This esterase was found to be one of the
most thermostable and thermophilic lipolytic enzymes to be
reported. It is a 34.3 kDa protein, showing an optimum tem-
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perature at 90° C., and optimum pH at 7. This esterase is
stable after incubation with various water-miscible organic
solvents at concentration of 80% and exhibits activity in the
presence of organic solvents (Hotta et al., 2002. Applied and
Environmental Microbiology, 68(8):3925-3931). Picrophi-
lus torridus represents an unique model organism to study the
genetic and molecular mechanisms responsible for the ability
to thrive under extremely harsh conditions (optimal growth at
pH 0.7 and 60° C.) and a promising source of extremely stable
esterases and lipases. Two genes encoding esterases of P.
torridus were identified and characterized. One of these
esterases (Est B) shows a high ability to hydrolyze fatty acid
esters in the presence of various organic solvents. EstB is a 27
kDa esterase with the highest activity measured at 70° C.
(Hess et al., (2008). Extremophiles, 12:351-364).

Cutinases differ from lipases in that they do not require
interfacial activation since their catalytic site is not covered
by a lid and therefore remains accessible to substrates in
solution (Martinez et al., 1992). Cutinases are thus active
regardless of the presence of an interface and are thus able to
hydrolyze both soluble and insoluble substrates. Aspergillus
oryzye secretes a cutinase (AoC) that is able to hydrolyze
oligomers containing C6 carboxylic acids and is stable and
active at pH>11 (Maeda, H. et al., (2005). Purification and
characterisation of a biodegradable plastic-degrading
enzyme from Aspergillus oryzae. Applied and Environmental
Biotechnology, 67: 778-788).

Other cutinases that is useful to hydrolyze oligomeric
esters in NVR and COP acid due to their broad substrate
specificity activity and stability across a wide pH range
include the cutinases from Alternaria brassicicola, (AbC),
Aspergillus fumigatus, (AfC), Humicola insolens, (HiC), and
Fusarium solani, (FsC). The cutinase from the phytopatho-
gen Fusarium solani sp. pisi (Egmond et al. 2000) has been
found to degrade a wide range of substrates, including cutin,
carboxylic esters, triacylglycerols (TAGs) and phospholipids
(15) with both short and long-chain fatty acids. This enzyme
is also active on soluble substrates, such as short-chain p-ni-
trophenyl esters. The F solani cutinase operates within a
broad pH range (2-12), having optimal activity at pH 8.5 and
was shown to be moderately thermophilic within (40-60° C.,
Peterson et al., 2001). Moreover, wild type F. solani sp. pisi
was shown to be capable of degrading polycaprolactone and
using it as a source of carbon and energy. Cutinase activity
was repressed by the presence of glucose (0.5% w/w) in the
media and was induced by the enzymatic products of poly-
caprolactone degradation (Murphy et al., 1996). BLAST
search for proteins similar to F. solani Cutinase 1 indicated
that there are two major groups of organisms which are
secreting cutinases. They are either fungi plant pathogens or
Mycobacteria. Of the fungal cutinases, HiC displays the
highest activity for polycaprolactone degradation at elevated
temperatures and under all pH values due its high thermal
stability. AoC, AfC, and HiC retain a significant amount of
hydrolytiv activity under more extreme temperature and pH
conditions. By contrast, AbC and FsC are the least thermally
stable and retain little activity at high temperatures and low
pH values.

The enzymes described in this section may be used in any
of'the methods described herein or may be included in any of
the compositions described herein.

Methods to Increase the Relative Amount of Diacids in
Mixed Organic Waste Streams

The present invention provides further means for improv-
ing the properties and composition of mixed organic waste
streams by converting monoacid and hydroxyacid compo-
nents into diacids. The main components of these waste
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streams consist of a mixture of C4-C6 monoacids, hydroxy-
acids, and diacids. However, the diacids, which have many
applications, cannot easily be separated from the mono-acid
and hydroxyacid components in the waste stream, thereby
limiting the usefulness and yields of the waste stream for
further chemical or biological processing in addition to other
potential applications.

The present methods employ a biocatalyst to enzymati-
cally convert linear C4, C5, and C6 mono-acid and hydroxy-
acid components in NVR, as well as cyclic C6 components,
into amixture of C4, C5, and C6 diacids. The resulting diacids
mixture can be used as is, i.e., without further modification or
processing. Alternatively, the diacids mixture can be sepa-
rated into C4, CS5, and C6 diacids, or esterified and then
separated into C4, C5, and C6 diacids, or adipic acid can be
crystallized out of the diacids mixture. Biocatalysts may be
used to increase the monomer components of NVR and COP
acid, which contain a significant amount of oligomeric esters
that effectively trap monomers from use in other applications,
e.g., burn value and/or conversion to adipic acid or difunc-
tional alkanes.

Enzymatic conversion of the mono-acids and hydroxyac-
ids to diacids increases the relative amount of diacids in the
waste stream, which increases recovery of diacids from sepa-
ration from the other waste stream components. In particular,
these methods can increase the relative amount of diacids in
the mixed organic waste stream by hydrolyzing at least a
portion of the oligomeric esters into monomers, hydrolyzing
atleast a portion of the lactones into hydroxy-acids, oxidizing
at least a portion of the linear C4, CS, and C6 monoacids,
hydroxyacids, and oxo-acids present in the mixed organic
waste streams to the corresponding diacid. Preferably, hydro-
lases are used to hydrolyze oligomeric esters present in NVR
and COP acid waste streams into monomers. A variety of
other biocatalysts may be used in NVR and COP acid, as well
as water wash waste stream, to hydrolyze lactones into
hydroxy-acids and/or oxidize linear C4, C5, and C6 monoac-
ids, hydroxyacids, and oxo-acids to diacids.

The hydrolase capable of hydrolyzing oligomeric esters
into monomers may be an isolated or immobilized enzyme.
Alternatively, the hydrolase may be an endogenous or heter-
ologous hydrolase that is secreted by a naturally occurring or
non-naturally occurring host cell during fermentation and
bioconversion.

Preferably, the biocatalyst that enzymatically converts
mono-acids and hydroxy-acids into diacids is a naturally
occurring or non-naturally host cell. For example, Y lipoly-
tica is a naturally occurring host cell that is capable of utiliz-
ing the carbon sources in NVR for growth. Additionally, a
naturally occurring or non-naturally occurring host cell bio-
catalyst can be used for enzymatic converstion of waste
stream components into diacids because the conversion
involves a cytochrome p450 enzyme, which is an integral
transmembrane protein, and thus requires a host cell that
comprises the p450 enzyme pathway.

1. Increasing the Relative Concentration of Adipic Acid from
6-Oxohexanoic Acid

6-Oxohexanoic acid can be further converted into various
compounds which have use in the synthesis of nylons. For
instance, 6-oxohexanoic acid can be converted into hexane-
1,6-dioic acid (adipic acid). Further, adipic acid or 6-oxohex-
anoic acid can be converted into 6-aminohexanoic acid,
caprolactam, 6-aminohexanal or hexane-1,6-diamine (hex-
amethylenediamine). The present invention also provides
methods for generating these compounds.
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1) Hydrolyzing Oligomeric Esters and Lactones to Release
Linear C, Components

In one aspect, the production of 6-oxohexanoic acid from
mixed organic waste streams involves hydrolyzing polymeric
and oligomeric esters present in the waste streams, such as
NVR and/or water wash. These dimeric, trimeric, tetrameric
oroligomeric esters are comprised of linear C4 molecules that
can be converted to 6-hydroxyhexanoic acid, caproic acid and
potentially 1,6-hexanedioic acid, after release from the poly-
mers and oligomers. Thus, the invention provides a method of
producing 6-hydroxyhexanoic acid from mixed organic
waste streams of cyclohexane oxidation, comprising the use
of a biocatalyst from the a,f-hydrolase fold family, such as
carboxylesterases, including esterases/lipases and polyhy-
droxyalkanoate (PHA) depolymerases.

One step in the production of 6-oxohexanoic acid from
polymeric esters comprised of linear C, molecules is the
conversion of 6-hydroxyhexanoic acid to 6-oxohexanoic
acid. In one aspect of the invention, a biocatalyst, such as a
fatty alcohol oxidase or an alcohol dehydrogenase, is used to
enzymatically convert 6-hydroxyhexanoic acid to 6-oxohex-
anoic acid.

Another step in the production of 6-oxohexanoic acid from
polymeric esters comprised of linear C4 molecules is the
conversion of caproic acid to 6-hydroxyhexanoic acid. In one
aspect of the invention, a biocatalyst, such as a w-hydroxy-
lase, is used to enzymatically convert caproic acid to 6-hy-
droxyhexanoic acid.

These enzymatic conversions can be combined into a
single method, instead of two separate steps. In this aspect,
6-oxohexanoic acid is produced from mixed organic waste
streams using a combination of enzymes, such as a carboxy-
lesterase, a co-hydroxylase, and a fatty alcohol oxidase or
alcohol dehydrogenase.

ii) Converting Linear C4, Components to 6-Oxohexanoic
Acid

One step in the production of 6-oxohexanoic acid from
hexanoic acid is the conversion of hexanoic acid (caproic
acid) to 6-hydroxyhexanoic acid (hydroxycaproic acid).
Thus, in one aspect, the invention provides a method of pro-
ducing 6-hydroxyhexanoic acid from the components present
in mixed organic waste streams using an enzyme, such as a
cytochrome P450, or an w-hydroxylase or w-oxygenase
enzyme from the class EC 1.14.15.3. Although the use of a
specific enzyme for a particular conversion is known (e.g.,
Coon, Biochemical & Biophysical Research Communica-
tions, 2005, 338:378-385), the inventors suprisingly discov-
ered that these enzymes may be used to enzymatically convert
components of mixed organic waste streams.

Additionally, 6-oxohexanoic acid can be produced indi-
rectly from hexanoic acid or directly from 6-hydroxyhex-
anoic acid via the conversion of 6-hydroxyhexanoic acid to
6-oxohexanoic acid. In one aspect, the invention provides a
method of producing 6-oxohexanoic acid from the compo-
nents present in mixed organic waste streams, i.e., hexanoic
acid or 6-hydroxyhexanoic acid, using an enzyme such as a
fatty alcohol oxidase or an alcohol dehydrogenase from the
class EC 1.1.1.-(Eurich et al., Applied & Environmental
Microbiology, 2004, 70(8): 4872-4879).

These enzyme steps can be combined into a single method.
Thus, in one aspect, the invention provides a method of pro-
ducing 6-oxohexanoic acid from the mixed organic waste
streams of cyclohexane oxidation, such as NVR and/or water
wash, comprising the use of a combination of enzymes, such
as (1) a cytochrome P450 or an w-hydroxylase enzyme, and
(ii) a fatty alcohol oxidase or an alcohol dehydrogenase.
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iii) Converting Cyclic C5 Components to 6-Oxohexanoic
Acid

One step in the production of 6-oxohexanoic acid from
cyclohexanol is the conversion of cyclohexanol to cyclohex-
anone. Thus, in one aspect, the invention provides amethod of
producing cyclohexanone from components of a mixed
organic waste stream of cyclohexane oxidation, comprising
the use of an enzyme such as an alcohol dehydrogenase or
cyclohexanol dehydrogenase/ChnA from the class EC
1.1.1.-, for example EC 1.1.1.90, 1.1.1.245 and the like
(Donoghue & Trudgill, Eur J. Bochem., 1975, 60:1-7).

After conversion of cyclohexanol to cyclohexanone, a sub-
sequent step in the production of 6-oxohexanoic acid is the
conversion of cyclohexanone to e-caprolactone. Thus, in one
aspect, the invention provides a method of producing e-ca-
prolactone from components of a mixed organic waste
stream, comprising the use of an enzyme such as a Baeyer-
Villiger monooxygenase, cyclohexanone monooxygenase/
ChnB, e.g. 1.14.13.22, and the like (Kim et al., Biotechnol.
Bioprocess Eng., 2008, 13:40-47).

Yet another step in the production of 6-oxohexanoic acid
from cyclohexanol is the subsequent conversion of e-capro-
lactone to 6-hydroxyhexanoic acid. Thus, in one aspect, the
invention provides a method of producing 6-hydroxyhex-
anoic acid from the components of a mixed organic waste
stream, comprising the use an enzyme such as a caprolactone
lactonohydrolase, gluconolactonase/ChnC from the class EC
3.1.1.17, and the like (Cheng et al., Journal of Bacteriology,
2000, 182(17):4744-4751).

After conversion of e-caprolactone to 6-hydroxyhexanoic
acid, another step in the production of 6-oxohexanoic acid
from cyclohexanol is the conversion of 6-hydroxyhexanoic
acid to 6-oxohexanoic acid. Thus, in one aspect, the invention
provides a method of producing 6-oxohexanoic acid from the
components of a mixed organic waste stream, comprising the
use of an enzyme such as a fatty alcohol oxidase or an alcohol
dehydrogenase or ChnD. For example, the alcohol dehydro-
genase may be selected from the class EC 1.1.1.2, such as
1.1.1.258 and the like (Cheng et al., Journal of Bacteriology,
2000, 182(17):4744-4751).

These enzyme steps can be combined into a single method.
Thus, in one aspect, the invention provides a method of pro-
ducing c-caprolactone from cyclohexanol and cyclohex-
anone molecules present in a mixed organic waste stream,
comprising the use of a alcohol dehydrogenase and a Baeyer-
Villiger monooxygenase. In another aspect, the invention
provides a method of producing 6-hydroxyhexanoic acid
from a mixed organic waste stream, comprising the use of a
combination of enzymes such as an alcohol dehydrogenase, a
Baeyer-Villiger monooxygenase and a caprolactone lactono-
hydrolase. In yet another aspect, the invention provides a
method of producing 6-oxohexanoic acid from a mixed
organic waste stream, comprising the use of a alcohol dehy-
drogenase, a Baeyer-Villiger monooxygenase, a caprolactone
lactonohydrolase, and a fatty alcohol oxidase or an alcohol
dehydrogenase. In a further aspect, the invention provides a
method of producing 6-hydroxyhexanoic acid from 1,2-cy-
clohexanediol and cyclohexane-1,2-dione, which are present
in the non-volatile residues and/or water wash of cyclohexane
oxidation, comprising the use of a cyclohexane-1,2-diol
dehydrogenase and a cyclohexane-1,2-dione acylhydrolase.

iv) Conversion of 6-Oxohexanoic Acid into Nylon Inter-
mediates

As discussed herein, 6-oxohexanoic acid can be enzymati-
cally converted into hexane-1,6-dioic acid (adipic acid) by the
action of'an aldehyde dehydrogenase. Thus, in one aspect, the
invention provides a method of producing hexane-1,6-dioic
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acid (adipic acid) comprising producing 6-oxohexanoic acid
using a biocatalyst, as set out supra, and further comprising
enzymatic conversion of 6-oxohexanoic acid to hexane-1,6-
dioic acid, using a biocatalyst such as an aldehyde dehydro-
genase, for example from EC 1.2.1.4 and EC 1.2.1.63 and the
like. The biocatalyst can be an isolated enzyme or a naturally
occurring or non-naturally occurring host cell that expresses
and secrets the enzyme.

As discussed herein, 6-oxohexanoic acid can be converted
into 6-aminohexanoic acid by the action of an aminotrans-
ferase. Thus, in one aspect, the invention provides amethod of
producing 6-aminohexanoic acid comprising producing
6-oxohexanoic acid using a biocatalyst, as set out supra, and
further comprising enzymatically converting 6-oxohexanoic
acid to 6-aminohexanoic acid, using a biocatalyst such as a
transaminase (EC 2.6.1.-) or a dehydrogenase, such as EC
1.4.1.- or the like. The biocatalyst can be an isolated enzyme
or a naturally occurring or non-naturally occurring host cell
that expresses and secrets the enzyme.

As discussed herein, 6-aminohexanoic acid can be con-
verted to caprolactam by the action of an aminohydrolase.
Thus, in one aspect, the invention provides a method of pro-
ducing caprolactam using a biocatalyst to produce 6-amino-
hexanoic acid, as described supra, and further comprising
enzymatic conversion of 6-aminohexanoic acid to caprolac-
tam, using a biocatalyst such as an aminohydrolase, for
example EC 3.5.2.- or the like. The biocatalyst can be an
isolated enzyme or a naturally occurring or non-naturally
occurring host cell that expresses and secrets the enzyme.

As discussed herein, 6-aminohexanoic acid can be con-
verted to 6-aminohexanal by the action of an aldehyde dehy-
drogenase. Thus, in one aspect, the invention provides a
method of producing 6-aminohexanal comprising using a
biocatalyst to produce 6-aminohexanoic acid, as set out
supra, and further comprising enzymatic conversion of
6-aminohexanoic acid to 6-aminohexanal, using a biocatalyst
such as an aldehyde dehydrogenase. In another aspect, 6-ami-
nocaproic acid is converted to 6-aminohexanal via multiple
enzymatic steps, for example by forming 6-acetamidohex-
anoate, the corresponding acetyl-CoA or phosphate esters as
intermediates. The biocatalyst can be an isolated enzyme or a
naturally occurring or non-naturally occurring host cell that
expresses and secrets the enzyme.

As discussed herein, 6-aminohexanal can be converted to
hexamethylenediamine by the action of an aminotransferase
or a amine oxidase. Thus, in one aspect, the invention pro-
vides a method of producing hexamethylenediamine com-
prising applying a biocatalyst to mixed organic waste streams
to produce 6-aminohexanal, as set out supra, and further
comprising enzymatic covnersion of 6-aminohexanal to hex-
amethylenediamine, using a biocatalyst such as an ami-
notransferase or amine oxidase. The biocatalyst can be an
isolated enzyme or a naturally occurring or non-naturally
occurring host cell that expresses and secrets the enzyme.

Methods to Increase the Relative Amount of Adipic Acid in
Mixed Organic Waste Streams

The present invention provides further means for improv-
ing the properties and composition of mixed organic waste
streams by using a biocatalyst to reduce the complexity of a
mixed organic waste stream, such as NVR, and increase the
relative concentration of adipic acid in the stream, which
facilitates recovery of adipic acid from the waste stream. In
particular, the methods increase the relative concentration of
adipic acid in a mixed organic waste stream, and reduce the
amount of mono-acids and hydroxy-acids in the stream.
Approximately 10% of adipic acid is lost in mixed organic
waste streams as a result of oligomerization and/or diacids
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inseparably mixed with mono-acids and hydroxy-acids.
However, the inventors have discovered that applying at least
one biocatalyst to the organic waste stream can improve
recovery of adipic acid.

In particular, the biocatalyst can hydrolyze at least a por-
tion of the oligomeric esters into monomers, hydrolyze at
least a portion of e-caprolactone to 8-hydroxy-caproic acid,
oxidize at least a portion of caproic acid, 6-hydroxycaproic
acid, and 6-oxocaproic acid to adipic acid, and/or convert at
least a portion of the cyclic C6 components of the waste
stream to adipic acid.

The hydrolase capable of hydrolyzing oligomeric esters
into monomers may be an isolated or immobilized enzyme.
Alternatively, the hydrolase may be an endogenous or heter-
ologous hydrolase secreted by a naturally occurring or non-
naturally occurring host cell during fermentation and biocon-
version.

These methods can reduce the complexity of NVR, and
increase the relative concentration of adipic acid within the
NVR waste stream, which facilitates recovery of adipic acid
from NVR, by converting caproic acid, hydroxy-caproic acid,
and cyclic C6 compounds (e.g., K and A) to adipic acid. A
biocatalyst that utilizes less desirable components of NVR,
e.g., C3-C5, for growth may further reduce the complexity of
the waste stream. For example, a preferred method includes
hydrolyzing the oligomeric esters present in the waste stream
to monomers; converting the mono-acids and hydroxy-acids
into diacids; removing C4 and C5 components from the mix-
ture; catabolizing at least a portion of C3, C4, and C5 com-
ponents present in said mixed organic waste stream; and/or
catabolizing C6 components at a lower rate than C3, C4, and
CS5 components in the mixed organic waste stream. The bio-
catalyst may also be applied to COP acid and water wash
waste streams, in addition to NVR, to perform a variety of
enzymatic conversions, e.g., hydrolyzing lactones into
hydroxy-acids and/or oxidizing linear C4-C6 monoacids and
hydroxy-acids into diacids.

In one aspect, these methods can be used to enrich the
relative of concentration of adipic acid in the mixed organic
waste stream during fermentation. Then, the treated mixture
can be removed from the fermenter and returned to the cys-
tallization process, where adipic acid will crystallize from the
mixture as a result of sufficient enrichment during fermenta-
tion. With such methods, an existing facility for cycloalkane
oxidation can be modified to allow treatment of the waste
stream with a biocatalyst that enriches adipic acid. There is no
need to build an entirely new facility for such enrichment,
which saves a significant amount of time and money.

Preferably, the methods for increasing the relative concen-
tration of adipic acid and reducing the amount of mono-acids
and hydroxy-acids is performed using a non-naturally occur-
ring host cell as the biocatalyst, because these methods
require two enzymatic pathways that are believed to not natu-
rally co-exist in a host cell. In one aspect, the beta-oxidation
pathway present in the biocatalyst may be impaired so that
adipic acid is not degraded. For example, the host cell may be
Y. lipolytica having the PDX genes knocked out, i.e., inacti-
vated, such that the host cell beta-oxidation pathway is
impaired, resulting in an accumulation of adipic acid.

Methods to Convert C6 Components and Precursors of
Mixed Organic Waste Streams to o,w-Difunctional C6
Alkanes

The present invention provides further means for improv-
ing the properties and composition of mixed organic waste
streams by using a biocatalyst to convert C6 components and
precursors present in the waste stream to o.,m-difunctional C6
alkanes.
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Enzymatic conversion of 6-hydroxycaproic acid to 1,6-
hexanediol, adipic acid to 6-oxohexanoic acid, and 6-oxohex-
anoic acid to 6-aminocaproic acid is mediated by a series of
different enzymes (see FIG. 2). In particular, 6-oxohexnaoic
acid is converted into 6-aminocaproic acid by aminotrans-
ferase EC 2.6.1.19 (Enzymatic studies on the metabolism of
beta-alanine disclosed in (Hayaishi et al. 1961 J. Biol. Chem.
236, p. 781-790) as well as aminotransferases disclosed in
WO02009/113855 & W02011/031147, herein incorporated
by reference in their entirety), which show preparation of
6-aminoacproic acid from 5-formyl valeric acid and prepara-
tion of a compound comprising an amine group from an
alpha-keto acid, respectively, using such enzymes. Similarly,
6-aminohexanal may be converted into hexamethylenedi-
amine using these aminotransferases. 6-oxohexanoic acid
may be converted into adipic acid by carboxylate reductase
EC1.2.99.6 or aldehyde dehydrogenase EC 1.2.1.3 or EC
1.2.1.31. 6-aminocaproic acid in turn can be converted to
hexamethylenediamine or caprolactam. In one aspect, 6-ami-
nocaproic acid may be converted into 6-aminohexanal using
these carboxylate reductases or aldehyde dehydrogenases. In
another aspect, 6-oxohexanoic acid may be converted into
1,6-hexanediol via conversion into 6-hydroxycaproic acid by
6-hydroxyhexanoate dehydrogenase EC 1.1.1.258, which
may be subsequently converted to 1,6-hexanediol by alcohol/
aldehyde dehydrogenase EC 1.2.1.10. Additionally, 6-ami-
nocaproic acid may be converted into caprolactam by an
amidohydrolase (EC 3.5.2.-), such as EC3.5.2.11.

In one aspect, the mixed organic waste stream is treated
with a non-naturally occurring host cell capable of hydrolyz-
ing at least a portion of the oligomeric esters into monomers;
oxidising at least a portion of caproic acid to 6-hydroxycap-
roic acid; converting at least a portion of the cyclic C6 com-
ponents to 6-hydroxycaproic acid or 6-oxocaproic acid;
catabolizing at least a portion of C3, C4 and C5 components
present in the mixed organic waste stream; and/or cataboliz-
ing C6 components at a lower rate than C3, C4 and CS5
components in the mixed organic waste stream.

The hydrolase capable of hydrolyzing oligomeric esters
into monomers may be an isolated or immobilized enzyme.
Alternatively, the hydrolase may be an endogenous or heter-
ologous hydrolase that is secreted by a naturally occurring or
non-naturally occurring host cell during fermentation and
bioconversion.

In addition, the host cell is capable of expressing at least
one biosynthetic pathway enzyme to convert adipic acid,
6-hydroxycaproic acid or 6-oxohexanoic acid to 1,6-hex-
anediol, 6-aminocaproic acid, 8-caprolactam, or hexameth-
ylenediamine.

In another aspect, the present invention provides methods
for using microorganisms as host cell biocatalysts to biologi-
cally synthesize the enzymatic conversion of NVR compo-
nents to difunctional alkanes. The use of microorganisms for
biological production of adipic acid and difunctional alkanes
from sources other than mixed organic waste streams has
previously been demonstrated. See, W02009/151728 and
W02010/068944, herein incorporated by reference in their
entirety. The present invention provides applying a non-natu-
rally occurring host cell, e.g., modified to contain a heterolo-
gous enzyme required for conversion of cyclic C6 compo-
nents of NVR to 6-hydroxycaproic acid or 6-oxocaproic acid.

In another aspect, the non-naturally occurring host cell is
further modified to produce 1,6-hexanediol. Optionally, such
a 1,6-hexanediol producing host cell may also express par-
ticular enzymes involved in the production of 1,6-hexanediol.
Preferably, the host cell expresses an aldehyde dehydroge-
nase, which catalyzes the conversion of 6-oxohexanoic acid
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to 6-hydroxycaproic acid, and a alcohol dehydrogenase,
which catalyzes the conversion of 6-hydroxycaproic acid to
1,6-hexanediol.

In yet another aspect, the non-naturally occurring host cell
further genetically modified to produce 6-aminocaproic acid.
Optionally, such a 6-aminocaproic acid producing host cell
may also express particular enzymes involved in the produc-
tion of 6-aminocaproic acid. Preferably, the host cell
expresses an aminotransferase able to convert 6-oxohexanoic
acid to 6-aminocaproic acid. In one aspect, the host cell that
expresses the aminotransferase is further genetically modi-
fied to express an amidohydrolase able to convert 6-aminoca-
proic acid to e-caprolactam. In another aspect, the host cell
that expresses the aminotransferase is further genetically
modified to produce hexamethylenediamine via an aldehyde
dehydrogenase, which is able to convert 6-aminocaproic acid
to 6-aminohexanal, and a 1-aminotransferase, which is able
to convert 6-aminohexanal to hexamethylenediamine.
Conversion and/or Degradation of C3, C-4 and C-5 Species

C-4 and C-5 monoacids (butyric acid and pentanoic acid)
and/or hydroxy-acids (4-hydroxybutyric acid and 5-hydroxy-
pentanoic acid) present in the NVR or water wash from cyclo-
hexane oxidation are optionally converted via the same path-
way consisting of a m-hydroxylase, a alcohol dehydrogenase
and an aldehyde dehydrogenase described for caproic acid
and hydroxycaproic acid. Butyric acid and pentanoic acid are
converted to the corresponding diacids, namely succinic acid
and glutaric acid. This conversion reduces the complexity of
the mixture of chemical species in the NVR or water wash
from cyclohexane oxidation to a mixture predominantly con-
sisting of C6, C5 and C4 diacids. By reducing the number of
chemical species in the mixture, the resulting diacid mixture
is recovered more easily from the fermentation broth for
commercial application as diacids, or is optionally esterified
by known methods to the corresponding dibasic esters, which
has commercial use as a dibasic ester mixture, or is optionally
separated into C6, C5 and C4 dibasic esters by known meth-
ods. Some or all of the C4 and CS5 species present in the NVR
or water wash from cyclohexane oxidation such as butyric
acid, pentanoic acid, succinic acid, glutaric acid, 4-hydroxy-
butyric acid, and 5-hydroxypentanoic acid iscatabolized via
[-oxidation to acetyl-CoA via the TCA cycle, thereby reduc-
ing the complexity of the chemical species and facilitating
easier recovery of adipic acid, aminocaproic acid, caprolac-
tam or hexamethylenediamine, while serving as a carbon
source for biomass production and thus reducing the amount
of fermentable carbon source that is required for biomass
production. Thus, the invention provides a method of reduc-
ing the concentration of C-4 and C-5 species by catabolizing
atleast a portion of the C-4 and C-5 carbon species C3 species
in the NVR or water wash from cyclohexane oxidation.
Genetic engineering of the host can be performed to minimize
the loss of caproic acid and/or adipic acid, which are catabo-
lized via (-oxidation or via the TCA cycle.

To reduce degradation of caproic acid or adipic acid via the
[p-oxidation pathway of the host organism and thus improve
the amount of useful products that can be recovered from the
fermentation broth, the gene encoding enzymes acting on
these substrates or their CoA esters can be knocked out or
mutated to reduce its activity or change the substrate speci-
ficity of the enzymes encoded by these genes. To prevent or
reduce activation of caproic acid or adipic acid to their cor-
responding CoA esters, it is useful to disrupt or mutate genes
of the host strain encoding CoA ligases or CoA transferases
acting on adipic acid or caproic acid if present in the host
strain, belonging to the class EC 6.2.1.-, such as EC 6.2.1.23
acting on dicarboxylic acids with chain lengths of 5 to 16
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carbons, and the like. Alternatively, it is also advantageous to
prevent the activated CoA esters from entering the p-oxida-
tion pathway by disrupting or mutating genes present in the
host organism that encode acyl-CoA oxidases or acyl-CoA
dehydrogenases acting on caproyl-CoA or adipoyl-CoA,
such as EC 1.3.3.6 or EC 1.3.99.- and the like.
Non-Naturally Occurring Enzymes

In some embodiments, the enzymes used to perform con-
versions in the methods described herein are non-naturally
occurring, i.e., the DNA encoding the enzyme has been
mutated from the wildtype sequence to improve one or more
of the enzyme’s properties. Methods for mutagenesis of
genes and protein engineering are well known in the art.
Random and/or combinatorial mutagenic approaches may
alternatively or additionally be used for the creation of librar-
ies of mutations, including approaches such as DNA shuf-
fling, STEP and error prone PCR, molecular evolution and
mutator strains. A non-limiting list of mutagenic changes
includes deletions, insertions, substitutions, rearrangements,
point mutations, and suppressor mutations.

The products of the mutagenic methods should then be
screened for the desired activity. Thus, in some embodiments,
the enzyme used for hydrolysis of oligomeric ester compo-
nents of a mixed organic waste steam or other enzymatic
conversion, e.g., oxidation, is derived from an enzyme as
described supra, e.g., in section 1(1)-(iv). As used herein, the
term “derived” means that the enzyme contains one or more
amino acid changes compared to the amino acid sequence of
the wildtype enzyme, wherein the one or more changes
includes deletions, insertions, substitutions, rearrangements,
point mutations. The skilled person would understand that the
EC classification system discussed in relation to the enzymes
as described supra is highly specific, and depends on the
specific substrates catalyzed by an enzyme. Accordingly, an
enzyme that is derived from one of the enzymes as described
may be classified in a different EC category than the wildtype
enzyme.

In one aspect, the non-naturally occurring enzyme is
derived from one or more of a P450 cytochrome oxidase, an
w-hydroxylase, w-oxygenase enzyme or alkane-1-monooxy-
genase from the class EC 1.14.15.3; a fatty alcohol oxidase;
an alcohol dehydrogenase from the class EC 1.1.1; a Baeyer-
Villiger monooxygenase; a caprolactone lactonohydrolase; a
fatty alcohol oxidase; an alcohol dehydrogenase; a cyclohex-
ane-1,2-diol dehydrogenase; a cyclohexane-1,2-dione acyl-
hydrolase; a carboxylesterases from the o,f-hydrolase fold
family (EC 3.1.1.-); or combinations thereof.

In another aspect, the non-naturally occurring enzyme is
derived from one or more of cyclohexanol dehydrogenase/
ChnA from the class EC 1.1.1.245; cyclohexanone monooxy-
genase/ChnB from the class EC 1.14.13.22; gluconolacto-
nase/ChnC from the class EC 3.1.1.17; ChnD from the class
EC 1.1.1.2; cyclohexane-1,2-diol dehydrogenase from EC
1.1.1.174;  cyclohexane-1,2-dione  acylhydrolases EC
3.7.1.10 or EC 3.7.1.11; lipases (EC 3.1.1.3); esterases (EC
3.1.1.1); cutinases (EC3.1.1.74); polyhydroxyalkanoate
(PHA) depolymerases (EC 3.1.1.75 & EC 3.1.1.76); 1,4-
lactonases (EC 3.1.1.25); gluconolactonases (EC 3.1.1.17);
laccases (EC 1.10.3.2); or combinations thereof.

The enzymes used in the present methods may be improved
with respect to a number of parameters. (Dalby, P. A (2003).
Optimising enzyme function by directed evolution. Current
Opinion in Structural Biology, 13, 500-505). The enzyme
may be improved over the wildtype enzyme with regard to the
rate of reaction, so that the enzyme is able to convert more
substrate to product in a defined period of time. This is advan-
tageous because it decreases the time taken to perform the
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method of the invention. In an alternative, the enzyme may be
improved over the wildtype enzyme with regard to the solvent
stability of the enzyme in the presence of organic solvents.
This is advantageous because in some embodiments, the
method of the invention may be performed, in whole or in
part, in a biphasic system, or a mixed solvent system (for
example a mixed water/cyclohexanol and cyclohexanone
system). In a further alternative, enzyme may be improved
over the wildtype enzyme with regard to its activity at
elevated temperatures. This is advantageous because it means
that the method may be performed, in whole or in part, at
temperatures which increase the rate of reaction (but which
would have inactivated the wildtype enzyme).

In a further alternative, the enzyme is engineered to reduce
product inhibition and or substrate inhibition. This advanta-
geously permits higher concentrations of the product and or
substrate to be present in the reaction. In a further alternative
the substrate reactivity of the enzyme may be altered. This
means that the engineered enzyme is capable of reacting with
a substrate that the wildtype enzyme cannot. Such enzymes
are typically employed where a wildtype enzyme that is
capable of performing the desired reaction is not known, or is
notsuitable. The substrate specificity may also be changed by
engineering the enzyme so that it is able to accept and react
with a substrate that the wildtype enzyme cannot accept. In
yet a further alternative, the enzyme is engineered to shift its
pH optimum to a more acidic or a more alkaline pH. This
means that the enzyme can be employed at a pH suitable for
the process requirements.

In a further alternative, the gene encoding the enzyme used
in the claims methods is codon optimized. Thus, the DNA
sequence encoding the enzyme is altered so that the codon for
each amino acid uses the most prevalent tRNA for that amino
acid in the host cell in which the enzyme is to be expressed.

In another alternative, the polypeptide may be engineered
to include a tag for easy purification (e.g., His-tag, GST-tag,
Flag tag). In another alternative, the polypeptide may be
engineered to include a localization sequence to target the
polypeptide to a specific cellular location, e.g., an organelle,
extracellularly, cell membranes or the periplasm.

These various alternatives, e.g., codon optimization, modi-
fication to include a localization sequence and/or purification
tag, and modification to alter activity at temperature, substrate
inhibition, etc., may be combined in a single engineered
enzyme.

Combinations of Enzymes

In any of the methods or compositions described herein,
multiple types of enzymes may be present. For example, any
combination of, e.g., 2,3, 4,5,6,7,8,9, 10, 11 or 12, the
enzyme types discussed herein may be used. Suitable
enzymes include, but are not limited to: Cytochrome P450 or
w-hydroxylase (omega-hydroxylase), a fatty acid oxidase or
primary alcohol dehydrogenase, an aldehyde dehydrogenase
or ChnE, a alcohol dehydrogenase or ChnA, a gluconolacto-
nase or Baeyer Villiger monooxygenase, a cyclohexane-1,2-
dione acylhydrolase, a cyclohexane-1,2-diol dehydrogenase,
a carboxylesterase or esterase or lipase or polyhydroxyal-
kanoate depolymerase, a transaminase or 6-aminocaproate
dehydrogenase, an amidohydrolase, an aldehyde dehydroge-
nase, and a diamine oxidase or diamine transaminase.

Host Cell Biocatalysts

The present invention relates to the use of biocatalysts to
enzymatically convert the compounds found in mixed
organic waste streams, e.g., the non-volatile residues or water
wash waste streams of cycloalkane oxidation, such as cyclo-
hexane oxidation, to compounds which are useful in the syn-
thesis of nylons.
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The biocatalysts that are used in the methods of the inven-
tion may be introduced into the reaction in a variety of forms.
In one aspect, each enzyme is in the same form. In another
aspect, the enzymes are provided in different forms.

Host cells biocatalysts that express one or more enzymes
useful in the claimed methods may be used as the biocatalyst.
The host cells that are used typically possess a number of
properties: they may be easily genetically modified, are tol-
erant of the conditions used in the method of the invention,
and grow to cells densities which are industrially useful.
Optionally, the whole cell may be a single celled microorgan-
ism, or may be a cell of a cell line. The whole cell may be of
a wildtype genotype. In this instance, the enzyme that is used
to catalyze one or more steps in the claimed method is natu-
rally present in the whole cell and is expressed at a level that
has industrial use in the methods of the invention. In an
alternative, the host organism has been genetically modified
to express the enzyme at a level that has industrial use in the
methods of the invention. The enzyme may be sourced from
the cell in which it is expressed. In an alternative, the enzyme
is sourced from a different strain or species of cell.

In one aspect, the whole cell is a prokaryote. In another
alternative it is a eukaryote. Typically, single celled microor-
ganisms are used.

The term prokaryotic cell includes gram positive and gram
negative bacteria. Examples of gram negative bacteria which
may be used with the methods of the invention are Escheri-
chia coli, Rhodopseudomonas palustris, sphingomonads,
pseudomonads, and other bacteria belonging to Sa/monelia,
Burkholderia, Moraxella, Acaligenes, Psychrobacter, Ther-
motoga, Acinetobacteria, Rhodobacter, Azoarcus, and Rho-
dospirillum genera. Examples of gram positive bacteria
which may be used with the methods of the invention are
streptococci, lactobacilli, and other bacteria belonging to
Nocardia, Bacillus, Rhodococcus, Chlostridium, Streptomy-
ces, and Arthobacter genera.

Eukaryotic host cells include those from yeast and other
fungi. Examples of eukaryotic host cells which may be used
with the methods of the invention are from Yarrowia lipoly-
tica, Candida genera such as Candida tropicalis, C. albicans,
C. cloacae, C. guillermondii, C. intermedia, C. maltosa, C.
parapsilosis, C. zeylenoides, yeasts belonging to the Rkodot-
orula, Rhizopus, Trichosporon, and Lipomyces genera, and
other fungi belonging to Aspergillus, Exophiala, Mucor, Tri-
choderma, Cladosporium, Phanerochaete, Cladophialo-
phora, Paecilomyces, Scedosporium, and Ophiostoma gen-
era.

The host cell biocatalyst contain an additional enzymatic
pathway, either naturally or via genetic modification, that
performs an enzymatic conversion that is particularly useful
in conjunction with other claimed enzymatic conversions that
improve the properties and compositions of the mixed
organic waste streams. For example, a naturally occurring
host cell biocatalyst may contain two enzymatic pathways
that are required for increasing the relative amount of adipic
acid in a mixed organic waste stream by oxidizing at least a
portion of the linear C4-C6 monoacids, hydroxy-acids, and
oxo-acids present in the stream to their corresponding diac-
ids. Such a process requires the host cell cytochrome p450
pathway as well as additional optional enzymes. The pres-
ence of additional endogenous or heterologous enzymatic
pathways in a host cell is particularly useful for increasing the
relative amount of diacids in a mixed organic waste stream,
increasing the relative concentration of adipic acid and reduc-
ing the amount of monoacids and hydroxyacids in the waste
stream, and/or converting C6 components and precursors
present in the waste stream to o, difunctional alkanes.
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In one aspect, the naturally or non-naturally occurring host
cell that performs an enzymatic conversion of C4-C6 or cyclic
C6 monoacids, hydroxyacids, or oxo-acids to diacids via the
oxo-acid, has an endogenous or heterologous omega oxida-
tion pathway that is capable of one of more of the following
conversions:

conversion of butyric acid, valeric acid, and/or adipic acid
to their corresponding diacid (i.e., succinic acid, glutaric acid,
and/or adipic acid, respectively);

conversion of butyric acid, valeric acid, and/or adipic acid
to their corresponding hydroxy-acid (i.e., 4-hydroxybutyric
acid, 5-hydroxyvaleric acid, and/or 6-hydroxycaproic acid,
respectively);

conversion of 4-hydroxybutyric acid, 5-hydroxyvaleric
acid, and/or 6-hydroxycaproic acid to their corresponding
oxo-acid (i.e., 4-oxobutanoic acid, 5-oxopentanoic acid, and/
or 6-oxohexanoic acid, respectively); or

conversion of 4-oxobutanoic acid, 5-oxopentanoic acid,
and/or 6-oxohexanoic acid to the corresponding diacid (i.e.,
succinic acid, glutaric acid, and/or adipic acid, respectively).

A host cell with an endogenous of heterologous omega-
oxidation pathway capable of converting aliphatic fatty acids
to diacids via hydroxyl-acids and oxo-acids may be an n-al-
kane utilizing yeast or bacterium. Exemplary the n-alkane
utilizing yeast include Yarrowia lipolytica, Candida tropica-
lis, C. albicans, C. cloacae, C. guillermondii, C. intermedia,
C. maltosa, C. parapsilosis, C. zeylenoides, or combinations
thereof, or yeasts of the Rhodotorula, Rhizopus, Trichos-
poron, Debaryomycesand Lipomyces genera or combinations
thereof. Exemplary n-alkane utilizing bacteria include
Pseudomonas fluorescens, P. putida, P. aeroginosa, P. ole-
overans, Marinobacter hydrocarbonoclasticus, Acineto-
bacter sp. such as A. venetianus, Oleiphilus messinensis,
Arthrobacter viscosus, Cupriavidus metallidurans, Rhodo-
coccus sp. such as R. rhodochrous and R. erythropolis, Sph-
ingomona spaucimobilis, Burkholderia cepacia, Delftia aci-
dovorans, Alcanivorax diesolei or combinations thereof.

In another aspect, the naturally or non-naturally occurring
host cell that enzymatically converts at least a portion of
cyclic C6 components present in the mixed organic waste
stream into 6-hydroxycaproic acid, 6-oxohexanoic acid, or
adipic acid has an endogenous or heterologous pathway that
is capable of (i) converting cyclohexanol to 6-oxohexanoic
acid, (ii) converting 1,2-cyclohexanediol to 6-oxohexanoic
acid, and/or (iii) converting 6-oxohexanoic acid to adipic
acid.

In converting cyclohexanol to 6-oxohexanoic acid, the host
cell catalyzes conversion of cyclohexanol to cyclohexanone;
conversion of cyclohexanone to 6-caprolactone; conversion
of c-caprolactone to 6-hydroxyhexanoic acid; and/or conver-
sion of 6-hydroxyhexanoic acid to 6-oxohexanoic acid.

In converting 1,2-cyclohexanediol to 6-oxohexanoic acid,
the host cell catalyzes conversion of cyclohexane-1,2-diol to
cyclohexane-1,2-dione, or conversion of cyclohexane-1,2-
dione to 6-oxohexanoic acid.

Modification of Host Cell Biocatalysts

The biocatalysts used in the methods of the invention may
be unmodified host cells of the species in which the enzyme
naturally occurs. However, it may be necessary to genetically
modify the host cell to produce an engineered cell. As used
herein, an engineered cell means a cell that has been manipu-
lated so that its genome has been altered from the genome of
a wildtype cell. The alteration of the genome includes the
introduction and deletion of plasmids. In one aspect, the
genetic modification is the introduction of a nucleic acid into
the genome of the cell. See, FIG. 3. The nucleic acid intro-
duced into the cell may comprise a nucleic acid sequence

10

15

20

25

30

35

40

45

50

55

60

65

28

from another species or organism, for example a DNA
sequence that is not present in the wildtype genome of the
whole cell. In other instances, the introduced DNA sequence
may be a further copy of a DNA sequence in the genome of
the whole cell. In some alternatives, the genetic modification
is the deletion of DNA sequence from the genome of the
whole cell. In another aspect, the genetic modification is the
modification of the genome of the cell.

In one alternative, the engineered cell is a prokaryote. In
another alternative it is a eukaryote. Typically, single celled
microorganisms are used.

The term prokaryotic cell includes gram positive and gram
negative bacteria. Examples of gram negative bacteria which
are suitable for use as engineered cells of the invention
include Escherichia coli, Rhodopseudomonas palustris, sph-
ingomonads, pseudomonads, and other bacteria belonging to
Salmonella, Burkholderia, Moraxella, Acaligenes, Psychro-
bacter, Thermotoga, Acinetobacteria, Rhodobacter, Azoar-
cus, and Rhodospirillum genera. Examples of gram positive
bacteria which are suitable for use as engineered cells of the
invention include streptococci, lactobacilli, and other bacteria
belonging to Nocardia, Bacillus, Rhodococcus, Chlo-
stridium, Streptomyces, and Arthobacter genera.

Typically eukaryotic engineered cells are yeasts and other
fungi. Non-limiting examples of eukaryotic engineered cells
include Yarrowia lipolytica, Candida genera such as Candida
tropicalis, C. albicans, C. cloacae, C. guillermondii, C. inter-
media, C. maltosa, C. parapsilosis, C. zeylenoides, yeasts
belonging to the Rhodotorula, Rhizopus, Trichosporon, and
Lipomyces genera, and other fungi belonging to Aspergillus,
Exophiala, Mucor, Trichoderma, Cladosporium, Phanero-
chaete, Cladophialophora, Paecilomyces, Scedosporium,
and Ophiostoma genera. In one alternative, the host cell is
Yarrowia lipolytica.

1) Introduced Nucleic Acid Sequences

The nucleic acids introduced into the cell may comprise
one or more of a number of elements. Typically, one of the
elements will be a gene encoding an enzyme thatis used in the
method of the invention, e.g. a cytochrome P450, a w-hy-
droxylase (omega-hydroxylase), a fatty acid oxidase, a pri-
mary alcohol dehydrogenase, a ketoreductase, a Baeyer-Vil-
liger monooxygenase, a caprolactone hydroxylase, a dione
hydrolase, an esterase/lipase, an aldehyde dehydrogenase, an
aminotransferase, an amidohydrolase, or an engineered ver-
sion of any of these types of enzyme. In some alternatives, the
nucleic acid encodes a protein that is not an enzyme that
functions in the method of the invention, such as a chaperone
or a protein that acts as an activator or repressor of a gene.

Typically, the nucleic acid will be designed so that the
polypeptide is operably linked to a promoter. As used herein,
the term “operably linked,” as used herein, means that the
element is placed in position such that it is able to direct the
expression of the polynucleotide or polypeptide. This may be
arranged by operably linking a promoter element to the one or
more polypeptides that are being expressed on the introduced
nucleic acid sequence, so establishing the operable link prior
to the introduction of the nucleic acid into the cell. In order to
ensure the operable linkage of a promoter to the one or more
enzymes, the promoter should be placed to the 5' of the
enzyme and no in frame termination codons should be present
in the sequence between the promoter and the enzyme. Alter-
natively, the nucleic acid may be designed such that when it is
introduced, a gene sequence in the nucleic acid is placed in the
host cell’s genome in a manner so that it is operably linked to
a promoter already present in the host cell’s genome and
therefore the enzyme may be expressed from that promoter.
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i) Expression of Multiple Enzymes in a Whole Cell

In some embodiments, a single strain of whole cell is used
to express more than one of the enzymes used in the methods
of the invention. In this instance, the multiple enzymes may
be encoded by the same introduced nucleic acid. In an alter-
native, the enzymes may be encoded on separate introduced
nucleic acid fragments. The enzymes may all be expressed
from a single promoter (for example by arranging the
enzymes in the of an operon). In an alternative, the enzymes
may be expressed from multiple separate promoters. In some
instances, the multiple separate promoters may be induced by
the same chemical (for example, each of the multiple
enzymes may be expressed from the yeast GAL promoter,
thus meaning that each gene is inducible with galactose).
Other suitable promoters are known in the art. In an alterna-
tive, each of the genes encoding an enzyme used in the
method of the invention is under the control of a different
promoter. Thus, different enzymes can be introduced indi-
vidually through the use of different inducing compounds. In
another alternative, an intermediate approach is used,
wherein a number of enzymes are under the control of the
same promoter, and a number of enzymes are under the con-
trol of different promoters. This alternative may be particu-
larly advantageous when numerous enzyme pathways have
been generated in a whole cell and it is desirous to control
each member of a pathway in concert with the other pathway
members, but to control each pathway separately.

iii) Chaperone Systems

When a cell has been engineered to express a protein under
non-natural conditions (for example, when a protein that is
native to a species is expressed at levels above the natural
level, or in an alternative, when a protein from a different
species is expressed in a host cell) in some instances that
protein will not be expressed in an active form. Instead it may
fold incorrectly, and accumulate as a non-functional “inclu-
sion body” aggregates. In this instance, the cells used to
express the protein may be subjected to genetic modification
to further express chaperone proteins which are able either to
prevent the mis-folding of the protein, or are able to refold it
from the aggregated state.

The inclusion of such chaperone proteins is advantageous
because it increases the quantity of active protein per cell, and
therefore increases the overall efficiency of the method of the
invention. The expressed chaperone may be a chaperone pro-
tein of the host cell. In an alternative, the chaperone may be
from the same species/strain as the protein. Typical chaper-
one proteins for expression include members of the GroEL/
GroES family, and members of the Dnal/DnaK/GrpE family.
Homologs of the archetypal K coli GroEL/GroES and Dnal/
DnaK/GrpE proteins have been identified in other prokary-
otic species, and eukaryotic homologs are also known
(GroEL and GroES correspond to the eukaryotic proteins
Hsp60 and Hsp10, and Dnal, DnaK and GrpE correspond to
the eukaryotic proteins Hsp70, Hsp40 and Hsp24, respec-
tively). These proteins have been identified in a number of
species of yeast (for example, Saccharomyces cerevisiae).
The choice of appropriate chaperone proteins for coexpres-
sion with an enzyme used in the method of the invention will
be evident to the skilled person following the teachings
herein.

Metabolic Engineering of Whole Cells

Metabolic engineering is the process of optimizing the
parameters in a whole cell in order to increase the ability of a
cell to produce a compound. The whole cells used in the
method of the present invention optionally have been engi-
neered to optimize the output of diacids, or alternatively
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adipic acid or 6-oxohexanoic acid, 1,6-hexanedoil, 6-amino-
hexanoic acid, caprolactam, and hexamethylenediamine.

Metabolic engineering to increase the ability of a cell to
produce a compound is principally performed via two
avenues. The first is to optimize the enzymes in the pathway
producing the desired product from the starting material. It is
possible to determine the concentration of each intermediate
in the pathway using techniques known to the skilled person
(for example, two dimensional electrophoresis, the use of
isotopically labelled precursors, and nuclear magnetic reso-
nance (NMR) spectroscopy), and therefore determine which
of'the enzyme conversions is the rate limiting step—that is to
say which step in the reaction scheme is the slowest. This can
be determined by observing a build up of an intermediate,
which indicates that the enzyme acting upon this intermediate
is limiting the overall rate of conversion. In this instance, the
rate at which this intermediate is reacted should therefore be
increased.

As an example, in a method of the present invention, con-
version may be the production of hexane-1,6-dioic acid from
hexanoic acid. This conversion (as shown in FIG. 2) requires
the use of three enzymes: a cytochrome P450 to convert
hexanoic acid to 6-hydroxyhexanoic acid, an alcohol dehy-
drogenase to convert 6-hydroxyhexanoic acid to 6-oxohex-
anoic acid and an aldehyde dehydrogenase to the 6-oxohex-
anoic acid to hexane-1,6-dioic acid.

If the rate of production of 6-hydroxyhexanoic acid from
hexanoic acid by the cytochrome P450 is less than the rate at
which the subsequent conversions in the pathway are be per-
formed (i.e. by the alcohol dehydrogenase and the aldehyde
dehydrogenase), then the rate of production of the 6-hydroxy-
hexanoic acid should be increased. This can be performed by
a number of means. Firstly, the expression level of the cyto-
chrome P450 may be increased. Optionally, this may be
achieved by placing the gene encoding the enzyme under the
control of a strong promoter, e.g., the T7 promoter if the
enzyme is being expressed in E. coli or the TEF promoter if
the enzyme is being expressed in yeast.

The second optionis to increase the number of copies of the
gene encoding the enzyme that are present in cell, for instance
by placing the gene on a multicopy plasmid, or by incorpo-
rating multiple copies of the gene into the chromosome of'the
host cell (these copies may be incorporated at the same loca-
tion in the chromosome or in different locations in the chro-
mosome).

Thirdly, the cytochrome P450 enzyme may be subjected to
mutagenesis to evolve the enzyme to react at a faster rate or to
codon optimize the enzyme to increase its expression. This
description is purely exemplary, and the same process may be
performed to optimize the expression of the other enzymes
which are used in the method of the invention (i.e. a w-hy-
droxylase (omega-hydroxylase), a fatty acid oxidase, a pri-
mary alcohol dehydrogenase, a ketoreductase, a Baeyer-Vil-
liger monooxygenase, a caprolactone hydroxylase, a dione
hydrolase, an esterase/lipase, an aldehyde dehydrogenase, an
aminotransferase, an amidohydrolase or an engineered ver-
sion of any of these types of enzyme.

The production of hexan-1,6-dioic acid can also be
increased by inactivating or reducing the activity of any
enzymes which are capable of diverting the substrate, any of
the intermediates, or the product into a metabolic pathway
other than that which is the aim of the method. In the exem-
plified pathway discussed supra, both hexanoic acid and hex-
ane-1,6-dioic acid may be acted upon by acyl-CoA ligase
and/or CoA transferase enzymes. Once ligated to CoA, the
compound may then be fed into the p-oxidation (beta-oxida-
tion) pathways of the cell, resulting in the breakdown of that
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compound. Thus in some embodiments, the whole cell that is
used in the methods of the invention has been engineered to
delete one of more acyl-CoA ligase and/or CoA transferase
enzymes that are capable of ligate CoA to hexanoic acid,
6-hydroxyhexanoic acid, 6-oxohexanoic acid or hexane-1,6-
dioic acid.

In an alternative, the acyl-CoA ligase and/or CoA trans-
ferase enzyme is not deleted, but is instead engineered so that
it can no longer act on the substrate, intermediates, or product
(i.e.itcanno longer accept linear C; molecules as substrates),
but retains any ability to ligate CoA to other molecules, typi-
cally C;-C; chains.

In one aspect, high yields of C6 components is achieved by
decreasing the rate of catabolism of C6 components within
the host cell. Such an approach may be particularly useful for
methods involving (i) increasing relative concentration of
adipic acid is increased and decreasing the amount of
monoacids and hydroxy-acids in the mixed organic waste
stream, and/or (ii) converting C6 components and precursors
present in the mixed organic waste stream to o, w-difunctional
alkanes. In particular, catabolism of caproic acid, hydroxyca-
proic acid, and adipic acid by the host cell biocatalyst present
in the mixture may be reduced by reducing degradation to
acetyl-CoA through beta-oxidation.

The decrease in the rate of host cell catabolism of C6
compounds present in the mixed organic waste stream can be
achieved by deleting or inhibiting enzymes in the host cell
biocatalyst that activate caproic acid, hydroxycaproic acid,
and adipic acid to their corresponding CoA esters. For
example, the deletion or inhibition of host cell enzymes such
as CoA ligases and transferases can decrease the rate at which
these compounds are catabolized. By way of further example,
deletion or inhibition of host cell enzymes such as acyl-CoA
oxidases and acyl-CoA dehydrogenases can also decrease the
rate at which caproic acid, hydroxycaproic acid, and adipic
acid to their corresponding CoA esters via the host cell’s
beta-oxidation pathway.

In one aspect, the transport of species in NVR or COP acid
into and out of the cell to improve uptake of substrates and
secretion of products is optimised by metabolic engineering.
This is achieved by expressing additional transporters of
monoacids, or by engineering of transporters to improve the
uptake rate of the monoacids. Alternatively, the first enzyme
acting on the monoacids, such as a CytP450, may be dis-
played on the cell surface to transform the monoacid into a
hydroxyacid that is taken up into the cell at a higher rate than
the monoacid.

Use of C;-C5 Molecules as a Carbon Source by Growing
Whole Cell Biocatalysts

The mixed organic waste stream of a cyclohexane oxida-
tion process that is used as the starting material in the methods
of'the invention comprise a mixture of oxidized hydrocarbon
molecules. The claimed methods improve the properties and
composition of the mixed organic waste stream by applying at
least one biocatalyst to the stream, which enzymatically con-
verts undesirable components present in the waste stream into
more desirable products, such that the treated waste stream
can be used in subsequent chemical and/or enzymatic pro-
cessing to provide a high yield of the desired product, in the
highest possible purity. As described above, the resulting
products of cyclohexane oxidation include the breakdown
products of the original C, molecule, including pentanoic
acid, 5-hydroxypentanoic acid, butanoic acid, 4-hydroxybu-
tanoic acid, and propanoic acid, which are found in NVR
and/or water wash. In order to improve the properties of NVR
and/or water wash, a whole cell biocatalyst is applied to the

10

15

20

25

30

35

40

45

50

55

60

65

32

waste stream to utilize the unwanted compounds that are
present in the stating material.

In one aspect, the complexity of the mixed organic waste
stream, e.g., NVR, can be reduced by decreasing the presence
of C3-C6 components in the waste steam. One way to achieve
the reduced complexity is to select a host cell biocatalyst that
can utilize the C;-C, components of the mixed organic waste
stream as a carbon source for growth. Such a reduction in the
complexity of the mixed organic waste stream may be useful
to directly increase the relative concentration of adipic acid as
well as indirectly increase the relative concentration of adipic
acid by facilitating recovery of adipic acid from caproic acid,
hydroxy-caproic acid, and cyclic C6 compounds, e.g., K and

Pentanoic acid, butanoic acid, and propanoic acid can be
used as a carbon source by a cell by the ligation of CoA
(coenzyme A) to the molecule and the metabolism of the
CoA-ligated molecule into the beta oxidation pathway of the
cell. Thus, in some embodiments, the whole cell biocatalyst
used in the methods of the invention comprises an acyl-CoA
ligase and/or CoA transferase which are capable of ligating
CoA to pentanoic acid, butanoic acid, and/or propanoic acid.
Additionally, 5-hydroxypentanoic acid and 4-hydroxybu-
tanoic acid, which are frequently also present in the non-
volatile residues and/or water wash of cyclohexane oxidation
that is used as the starting material in the methods of the
invention, can also be metabolized by whole cells to further
improve the purity of the product of the method of the inven-
tion. 5-hydroxypentanoic acid can be oxidized to 5-oxopen-
tanoic acid by an alcohol dehydrogenase, and 4-oxopentanoic
acid can in turn be oxidized to pentane-1,5-dioic acid (glu-
taric acid) by an aldehyde dehydrogenase. Ligation of CoA to
pentane-1,5-dioic acid by an appropriate acyl-CoA ligase
and/or CoA transferase results in the compound being
metabolized via the beta oxidation pathway of the cell. 4-hy-
droxybutanoic acid can be oxidized to 4-oxobutanoic acid by
an alcohol dehydrogenase, which can in turn be oxidized to
butane-1,4-dioic acid (succinic acid) by an aldehyde dehy-
drogenase. Succinic acid is a central component in the tricar-
boxylic acid cycle (also known as the citric acid cycle or the
Krebs cycle). Propionic acid can also be catabolized to pyru-
vate and B-alanine.

Pre-Treatment of Mixed Organic Waste Streams to
Remove Inhibitory Compounds

The inventors have identified valerolactone as the primary
inhibitory compound present in mixed organic waste streams,
and confirmed that valerolactone is responsible for prevent-
ing the growth of a NVR-tolerant host cell. Based on the
identification of valerolactone as the key inhibitory compo-
nent of NVR, the waste stream can be treated appropriately to
remove valerolactone from the waste stream or diminish the
amount valerolactone present in the waste stream, as to permit
suitable host cell’s to grow in the presence of NVR.

Inoneaspect, the mixed organic waste stream is pre-treated
with either free or immobilized enzymes that hydrolyze
inhibitory compounds, or otherwise effectively remove
inhibitory compounds from the stream. Such removal of
inhibitory compounds alleviates inhibition of host cell growth
in the mixed organic waste stream.

The non-volatile residues, COP acid, or water wash
streams may undergo pre-treatment to remove inhibitory
compounds prior and/or to hydrolyze the polymeric esters
prior to its use as substrate. For instance, the alkyl hydroper-
oxides present in the water wash, may be removed by treat-
ment with a suitable biocatalyst, such as a peroxidase/cata-
lase, e.g. KatA, KatG and other enzymes in the class EC
1.11.1-, including alkyl hydroperoxide reductases (for
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example Ahpl in yeast or AhpC in bacteria), EC 1.11.1.15 and
other alkyl hydroperoxide reductases (e.g. EC 1.8.1.-and EC
1.6.99.3), with or without electron donors such as AhpD or
AhpF. A combination of carboxylesterases (to hydrolyze the
polymeric esters in the mixture) and enzymes acting on alkyl
hydroperoxides may be used as an enzyme preparation added
to the stream prior to feeding it into the bioreactor, or by
feeding the untreated stream into a ‘pre-fermenter’ containing
a microbial culture capable of hydrolysing the polymeric
esters by secretion of lipases/esterases and simultaneously
reducing the organic hydroperoxides prior to feeding the
supernatant into the second bioreactor for the production of
valuable compounds.

Additionally, mixed organic waste streams may be treated
with a lactone hydrolase or other enzymes (host cell biocata-
lysts or enzymes isolated from a host cell) that is capable of
removing the inhibitory lactone components from the stream,
thereby improving the growth of a host cell using the stream
as a carbon source. The growth of microorganisms in mixed
organic waste streams may be compromised by the presence
of'such inhibitory compounds. In particular, various strains of
Y. lipolytica that were grown in a culture containing NVR
were unable to attain steady state growth as a result of vale-
rolactone accumulation. See, Example 4. However, a host cell
that expresses and secretes a lactone hydrolase, which con-
verts valerolactone to hydroxyvaleric acid, may successfully
grow in NVR because the inhibitory compound has been
removed from the medium. See, Example 5.

Selection of Host Cells Tolerant to Mixed Organic Waste
Streams

Alternatively, to improve growth of the biocatalyst in a
culture containing a mixed organic waste stream, a host cell
may be selected that it tolerant to the mixed organic waste
stream, e.g., able to grow in a culture containing NVR, COP
acid, or water wash waste stream.

Furthermore, a tolerant host cell may be grown in a culture
including a certain percentage by volume of treated mixed
organic waste stream. Use of a tolerant host cell in combina-
tion with a pre-treated mixed organic waste stream, e.g.,
application of a hydrolase to remove lactone compounds, like
valerolactone, may significantly improve growth of the host
cell in medium containing the waste stream material.

In one aspect, the biocatalyst is a naturally occurring or
non-naturally occurring host cell that is tolerant to a mixed
organic waste stream, such as NVR. Preferably, the host cell
is tolerant to at least 1% of the mixed organic waste stream by
volume. For example, the host cell biocatalyst is capable of
achieving stead state growth in a culture containing at least
1% NVR.

In another aspect, the tolerance of the host cell to the mixed
organic waste stream is improved by the reduction in the
amount of inhibitory compounds present in the mixed organic
waste stream. As discussed above, pre-treatment of the waste
stream with a 1,4-lactonease class of enzyme (EC3.1.1.25) to
covert valerolactone to hydroxycaleric acid in the medium
may promote cell growth in the presence of the remaining
waste stream components. In addition, the gluconolactonase
class of enzymes (EC 3.1.1.17) may also be used to convert
lactones into their corresponding acid form, hydroxy car-
boxylic acid. See, Example 5.

In one aspect, the inhibitory compounds present in the
mixed organic waste streams are lactones, and the amount of
lactones in the mixed organic waste stream is reduced by
treatment of the stream with one or more enzymes that are
capable of hydrolyzing a lactone to the corresponding
hydroxyl-acid before or during treatment of the mixed
organic waste stream with a naturally occurring or non-natu-
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rally host cell that is capable of mediating the conversions
necessary to increase the relative amount of diacids, increase
the relative concentration of adipic acid and reduce the
amount of mono-acid and hydroxy-acid, and/or convert C6
components and precursors to a, co difunctional alkanes.

Separation and Recovery of Products

The invention also provides for the separation and/or
recovery of the monomeric components (e.g., diacids, adipic
acid) described herein. For example, the invention provides
for methods of separating adipic acid or adipic acid deriva-
tives from the reaction mixture after conversion of 6-carbon
components of the mixed organic waste stream, e.g., 6-0xo-
hexanoic acid, to adipic acid. These separated products can be
further purified by removal of the C4 and CS5 diacid and/or
derivatives that could be separated in the initial step.

In one aspect, adipic acid is separated from other compo-
nents by crystallization of the adipic acid from a concentrated
reaction mixture or by esterification and distillation of the
adipate diesters from the reaction mixture.

As discussed supra, a biocatalyst can be used to convert
linear C4-C6 monoacid and hydroxyacid components, as
well as cyclic C6 components, into a mixture of C4-C6 diac-
ids that can be subsequently separated into C4, C5, and C6
diacids. In one aspect, the diacids mixture is esterified prior to
separation into C4, C5, and C6 diacids.

Compositions of a Mixed Organic Waste Stream and Bio-
catalyst

The invention also provides compositions comprising a
mixed organic waste stream of a cyclohexane oxidation pro-
cess and a biocatalyst. In one aspect, the mixed organic waste
stream is NVR, water wash/COP acid, or caustic wash
stream.

In one aspect, the biocatalyst is an isolated enzyme or an
enzyme secreted by a naturally occurring or non-naturally
occurring host cell. The composition may comprise one or
more enzymes selected from the enzymes detailed in the
previous sections, or a non-naturally occurring variant
thereof.

In one aspect, the composition comprises a host cell bio-
catalyst that is tolerant to the mixed organic waste stream. In
other words, the biocatalyst is able to grow in a culture con-
taining the mixed organic waste stream to densities that are
industrially useful. Preferably, the host cell is tolerant to
NVR. In another aspect, the host cell is tolerant to at least 1%
of'the mixed organic waste stream by volume. Therefore, the
host cell is able to grow in a culture containing 1% of the
mixed organic waste stream by volume, to reach densities that
are industrially useful.

Omega oxidation (w-oxidation) is an alternative pathway
to beta oxidation (3 oxidation) for fatty acid metabolism. The
w-oxidation pathway involves the oxidation of the w carbon,
i.e., the carbon most distant from the carboxyl group of the
fatty acid, unlike the p oxidation pathway that involves the §
carbon. The w-oxidation process is normally a minor cata-
bolic pathway for medium-chain fatty acids, i.e., C10-12, but
the pathway becomes more important when [-oxidation is
defective. The w-oxidation process involved hydrozylation of
the o carbon, and successive oxidation, yielding adipic acid
and other products, e.g., succinic acid.

In one aspect, the naturally or non-naturally occurring host
cell biocatalyst comprises an endogenous or heterologous
w-oxidation pathway that is able to convert aliphatic fatty
acids to diacids via hydroxyl-acids and oxo-acids. Preferably,
the host cell biocatalyst with the w-oxidation pathway is an
n-alkane utilizing yeast or bacterium.

A skilled artisan is aware of numerous n-alkane utilizing
yeast or bacterium that are suitable for used in the claimed
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methods. In one aspect, exemplary n-alkane utilising yeast
include Yarrowia lipolytica, Candida tropicalis, C. albicans,
C. cloacae, C. guillermondii, C. intermedia, C. maltosa, C.
parapsilosis, C. zeylenoides, or combinations thereof, yeasts
of the Rhodotorula, Rhizopus, Trichosporon, Debaryomyc-
esand Lipomyces genera or combinations thereof. In another
aspect, exemplary n-alkane utilising bacteria include
Pseudomonas fluorescens, P. putida, P. aeroginosa, P. ole-
overans, Marinobacter hydrocarbonoclasticus, Acineto-
bacter sp. such as A. venetianus, Oleiphilus messinensis,
Arthrobacter viscosus, Cupriavidus metallidurans, Rhodo-
coccus sp. such as R. rhodochrous and R. erythropolis, Sph-
ingomona spaucimobilis, Burkholderia cepacia, Delino aci-
dovorans, Alcanivorax diesolei or combinations thereof.
Fermentation Process

The fermentation process of the invention may be per-
formed in batch, fed-batch or continuous mode. In fed batch
mode, the process may be performed with partial drops. Alter-
natively, chemostat fermentation may be employed, with or
without cell retention. See, Example 3. Furthermore, compo-
nents in the waste stream may be fed as sole carbon and
energy source, or a co-feed of glycerol or sugar or other
suitable fermentable carbon or energy source may be used as
additional source of energy and carbon to obtain higher bio-
mass. Carbon source limiting cultivation may be employed to
reduce the toxicity of species in NVR and COP acid. In a
preferred embodiment, cultivation is performed within a pH
range of 5-8, more preferably between pH 6 and pH 7.5 to
overcome growth inhibition by undissociated organic acids.

The following examples are not intended to limit the inven-
tion in any way.

EXAMPLES
Example 1

Hydrolysis of Oligomeric Esters in NVR, COP acid
& Water Wash

Commercial lipases (free and immobilized) and esterases
from different classes based on the topography of their bind-
ing sites were selected to screen for hydrolysis of oligomeric
esters in NVR and COP acid (Table 1 and 2). Based on the
results of this screen, the Lipase Engineering database (LED)
(Widmann et al., BMC Genomics 2010, 11:123) and other
bioinformatics resources were used to identify additional
candidate enzymes to screen for the hydrolysis of oligomeric
esters, and, in particular, enzymes that are thermostable or
active at low pH. People skilled in the art will understand that
it is also possible to change the pH optimum and stability of
enzymes with the desired activity or to alter the substrate
specificity of enzymes with the desired pH and stability prop-
erties or both, by enzyme engineering using rational design or
directed evolution techniques.

Screening methods for hydrolysis of oligomeric esters in
NVR and COP acid with commercially available lipases and
esterases were verified using commercially available capro-
lactonediol (CPL) polymers with a range of molecular
weights. Both agar plate assays where radial enzyme diffu-
sion produces clearance zones if the oligomer in the agar is
hydrolyzed, and biotransformation reactions assayed by
HPLC with UV detection or LC-MS to quantify the concen-
trations of monomers were used to identify candidate
enzymes. The two screening methods provide complemen-
tary information: the size of the clearance zones observed
with plate assays is indicative of overall hydrolytic activity
(endo and exo cleavage) to hydrolyze oligomers to smaller
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esters that are soluble, while liquid chromatography provides
data about the increase in monomer concentration thus iden-
tifying enzymes that hydrolyze terminal monomers of the
oligomers.

For plate assays, agar plates (1.5% agarose) containing
1-4% polycaprolactone (PCL), NVR or COP acid (v/v) was
prepared with 50 mM citrate, Tris/HCI, or phosphate buffers
to assay enzymes for hydrolytic activity at pH 3, 5,5,7 & 8.
The molecular weight of PCL is 530 g/mol. Wells with a ca.
3 mm diameter were made in the plates, and enzyme added (1
Ufwell). Clearance zones were measured after 24 hours. See,
Tables 1 and 2 showing the results comparing the activity of
commercial lipases and esterases, respectively, for hydrolysis
of oligomers in NVR, COP acid and caprolactone polymers.

Biotransformation reactions with unbound commercial
esterases and lipases were performed with the same buffers
and concentrations of substrates as for the plate assays. Reac-
tions were started by addition of commercial enzyme prepa-
rations (1 U/ml). In the case of immobilised lipases, Chiral Vi-
sion Immozyme™ lipase kit was used (enzymes covalently
bound to polyacrylic beads) for hydrolysis of oligomeric
esters in NVR. Immobilised enzyme (100 mg) was incubated
with 2% NVR (v/v) in 1 ml phosphate buffer pH 7.0.
Biotransformation reactions were stopped after 16 hours by
inactivation of the enzymes at 100° C. for 10 min, centri-
fuged, filtered and analyzed by HPLC or LC-LC-MS. See,
FIG. 4 showing typical clearance zones on agar plates and
FIG. 5 comparing the relative activity as measured by the
diameter of the clearance zone of esterases at difterent pH.

HPLC analysis was performed on a Shimadzu HPL.C 2100
system with DAD detector monitoring at 210 nm. Separation
was performed on a Synergi Fusion RP column (250 mmx4.6
mm) at a flow rate of 0.9 ml/min and samples was eluted using
phosphoric acid and acetonitrile.

LC-MS analysis was performed on an Agilent 1290 Infin-
ity UHPLC system coupled with an Agilent 6530 Accurate—
Mass Q-TOF LC/MS.

LC conditions for acids and lactones:

Column: 100x2 mm Synergi Fusion RP column (Phenom-
enex)

Column oven temperature: 40° C.

Injection volume: 2 pl,

Eluent: A: 5 mM ammonium acetate containing 0.1% acetic
acid

B: acetonitrile containing 5% water

Gradient:
% Mobile
Time(min) Phase A % Mobile Phase B Flow Rate
0.00 99 1 0.300 mL/min
1.00 99 1
6.00 80 20
7.50 60 40
8.00 60 40
8.20 99 1
10.00 99 1
MS Q-TOF Conditions: Ion Source: ESI (Electro Spray

Ionization). Polarity mode: Negative (acids) and positive
(lactones).

FIGS. 6,7, 8, and 9 shows the increase in the concentration
of monomers (caproic acid, hydroxycaproic acid, adipic acid
and total acids) due to hydrolysis of oligomeric esters in NVR
and COP acid by the action of commercial lipases and
esterases as assayed by LC and LC/MS. The release of mono-
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as measured by LC/MS is depicted in FIG. 10.
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TABLE 2-continued

Immobilised lipases evaluated for the hydrolysis of oligomers in NVR

TABLE 1 ,
5 and COP acid.
Commercial esterases and lipases evaluated for the hydrolysis of
oligomers in NVR and COP acid.
No. Source Synonym
Esterases Lipases
El Mucor miehei L1 Thermomyces lanuginosus 10 TL14 Resinase HT Resinase HT
E2 Methylobacterium populi L2 Burkholderia cepacia IL15 Rhizomucor miehei Lipozyme
E3 Pseudomonas fluovescens L3 Penicillium camemberti IL16 Rhizopus niveus Lipase
E4 Pelobacter propionicus 14 Thermus thermophiles
ES Nocardia forcinico Ls Candida antarctica lipase A IL17 Rhizopus oryzae Amano F-AP15
E6 Cholesterol esterase L6 Chromobacterium viscosum . .
IL18 Thermomyces lanuginosa Lipolase
Pseudomonas sp.
E7 Bacillis steorothermophilus L7 Rhizomucor miehei 15
E8 Streptomyces L8 Mucor meihei
diostotochromogenes
E9 Esterase from horse liver L9 Rhizopus niveus TABLE 3
E10  Esterase from hog liver L10  Pseudomonas fluorescens
Ell Ca;.’ldzda lipolytica Ll Candzdla rugosa lipase III Comparison of the hydrolytic activity of commercial esterases assayed
E12 hazlopus oryzae L12 Aspelrgzllzs niger 20 by measuring the clearance zone diameter on agar plates containing
E13 Bacillus sp. .. L3 4 niger amanohpalse A Polycaprolactone (PCL) polymer (MW 530 g/mol), NVR or COP acid
El14  Saccharamyces cerevisiae  L14  Procine pancrean lipase II
Substrate Clearance Zone Diameter
4%
TABLE 2 25 2% 2% viv)
2% (viv) 2% (v/v) 2% (v/v) (v/v) (v/v) COP
Immobilised lipases evaluated for the hydrolysis of oligomers in NVR PCLdiol PCLdiol PCLdiol NVR NVR acid
and COP acid. Esterase pH=35 pH=7 pH=8 ©pH=7 pH=8 pH=7
No. Source Synonym El 1.1 1.2 2.5 1.7 2.3 2.4
30 E2 0 0.5 1 0 1 0
IL1 Alcaligenes sp. Lipase QLM E3 0.7 1.7 2 1.2 14 1.9
L2 Aspergillus niger Lipase A E4 0 1 1 0 0 —
IL3 Bacillus subtilis Lipase ES5 0 0.2 0.5 0 0 —
1.4 Candida antarctica, A Cal.A E6 1 1.4 1.7 1.2 1.5 1.5
1L5 Candida antarctica, B Cal.B E7 1.2 1.7 2.4 1.5 1.5 1.1
1L6 Candida antarctica, B Cal.BY 35 E8 0 0 0.5 0 0 1.6
L7 Candida cylindracea Lipase OF E9 0.5 1.6 0.6 0 0.8 2.8
L8 Candida rugosa CRL E10 0 0.6 1 0 0.5 1.0
L9 Lipex 100L Lipex 100L Ell 1.3 1.7 1.7 0.5 1.7 1.4
IL10 Mucor javanicus Amano M E12 2.2 3 2.9 1 0.8 2
IL11 Novozymes 51032 51032 E13 0 0 0 1.6 0.5 1.0
1112 Pseudomonas cepacia Amano PS E14 0 0 0 0 0 0
IL13 Pseudomonas fluorescens Amano AK 40
TABLE 4
Comparison of the hydrolytic activity of commercial lipases assayed by
measuring the clearance zone diameter on agar plates containing Polycaprolactone
(PCL) polymer (MW 530 g/mol), NVR or COP acid.
Substrate Clearance Zone Diameter
2% (viv) 2% (viv) 2% (viv) 1% (viv) 2% (vIiv) 2% (v/v) 4% (vIV)
PCLdiol PCLdiol PCL diol NVR NVR NVR COP acid
Lipase pH=5 pH=7 pH=8 pH=7 pH=7 pH=8 pH=7
L1 1 1.6 2 0.5 3 1.5 1.1
L2 0 1.6 1 0.5 1.5 1.4 0.8
L3 0 14 0.7 0.3 0 0 0
L4 0.5 0 0 0 — — 0
L5 0.5 0 3 0 — — 0.8
L6 2.5 3.1 3 1.6 2.0 1.7 2.2
L7 — — — 1.7 2.2
L8 — — — 1.5 — — 2.2
L9 — — — 0 — — 1.0
L10 — — — 1 — — 2.3
L1l — — — 1 — — 0.5
L12 — — — 1.5 0 — 1.7
L13 — — — 1.2 0 — 1.0
L14 — — — 0 — — —
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The results of the plate assays shows hydrolysis of oligo-
meric esters present in both NVR and COP acid in a pH range
of pH 5-8 by several selected esterases and lipases. The
esterases from Mucor miehei displayed high hydrolytic activ-
ity on plates across a wide pH range for both NVR and COP
acid oligomers. Esterases from Pseudomonas fluorescens,
Bacillis steorothermophilus, Candida lipolytica and Rhizo-
pus oryzae displayed excellent hydrolytic activity for the
synthetic polycaprolactonediol substrates, as well as for the
oligomers in NVR and COP between pH 5-8. In addition,
esterase from horse liver displayed excellent hydrolysis of
COP acid oligomers. Similarly, the lipase from Thermomyces
lanuginosus and Chromobacterium viscosum displayed high
hydrolytic activity for both synthetic, NVR and COP acid
oligomers across a wide pH range. In addition, the lipases
from Rhizomucor miehei, Mucor miehei, Pseudomonas fluo-
rescens, Burkholderia cepacia, and Aspergillus niger hydro-
lyzed the oligomers in both NVR and COP acid, producing
large clearance zones. See, Table 3, 4 and FIG. 4.

The biotransformation assays shows a marked increase in
monomer concentration when oligomeric esters in NVR and
COP acid are treated with different lipases and esterases.
However, the highest release of monomers as measured by
LC/MS suggests the importance of selecting a combination of
hydrolases for maximum release of monomers from COP
acid and NVR oligomers. See, FIGS. 6, 7, 8 and 9. The
esterase from horse liver (E9) displayed excellent release of
monomers from both NVR and COP acid, but on plate assays
the relative size of the clearance zone indicated only moderate
hydrolytic activity. This would thus be an excellent choice of
enzyme to use in combination with the esterase from Mucor
miehei (E1) or Rhizopus oryzae (E12) to treat NVR or COP
acid. The lipases from Burkholderia cepacia (L.2) and Can-
dida antarctica A (L5) displayed excellent release of mono-
meric acids from oligomeric acids in COP acid.

Overall, NVR and COP acid oligomers were hydrolyzed
with good activity by several of the selected free lipases and
esterases, and most of the enzymes retain excellent activity
across a wide pH range (pH 5-8). See, FIG. 4A-C and FIG. 5.

Immobilized lipases (Table 2, FIG. 10) from Candida ant-
arctica A (1L4), Pseudomonas fluorescens (1113) and Rhizo-
pus oryzae (IL 17) displayed similar high exo-hydrolytic
activities for oligomeric esters in NVR as the free lipases (L5,
L10).

Hydrolysis of oligomers in NVR and COP acid by lipase
variants obtained by directed evolution and expressed in a
lipase deficient strain of Y lipolytica showed that improved
lipase variants with higher activities can be obtained through
directed evolution, and that cells secreting lipases into the
medium can efficiently hydrolyse oligomeric esters.

Hydrolysis of oligomeric esters was evaluated using drop
plates as described above and yeast strains expressing vari-
ants of Lip2 (Bordes et al., 2011. Isolation of a thermostable
variant of Lip2 lipase from Yarrowia lipolytica by directed
evolution and deeper insight into the denaturation mecha-
nisms. Journal of Biotechnology, 156: 117-124) was cultured
overnight in YNB medium, diluted to OD600 1.0 and 5 pl was
dropped onto agarose plates. The YNB agarose plates con-
tained oleic acid (2%), polycaprolactone triol (2%) (Sigma
200387), 50 mM phosphate pH 7.0 with or without glucose
(0.5%). Plates were incubated for 72 h at 28° C. and analysed
for clearance zones surrounding the cells. The host strain with
the major extracellular lipases deleted and 0.1 U of Mucor
miehei esterase were used as controls. Strains expressing
several variants of the library of LIP2 mutant lipases dis-
played significant hydrolysis of oligomeric esters as assayed
by clear zones surrounding the cells. See, FIG. 11.
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Example 2

Selection of Host Cells that Can Catabolize the
Major C4 and C5 Components in NVR

Removing C4 and C5 monoacids (butyric acid and valeric
acid) and hydroxyacids from NVR, either by converting it to
the corresponding diacids or by utilizing it for growth via
n-oxidation is important to produce either a C4-C6 diacid
mixture or adipic acid from NVR. In order to produce a diacid
mixture from NVR, accumulation of the diacids from the
mono-acids via w-oxidation and a low consumption rate of
the diacids compared to the monoacids are desirable. This
example demonstrates selection of a host cell microorganism
that can catabolize the major C4 and C5 components of mixed
organic waste streams.

A mixed culture of Yarrowia lipolytica strains (72 total
strains) were used as a starter culture for chemo-stat cultiva-
tion to select strains for their ability to efficiently utilize
butyric acid and valeric acid. This was done by feeding the
mono-acids as sole source of carbon during the chemo-stat
cultivation. The consumption rates of the monoacids com-
pared to that of the corresponding diacids (succinic acid &
glutaric acid) was determined.

A chemo-stat fermentation was set up, as shown in FIG. 12,
with a 1 L jacketed glass fermenter. The experimental set-up
provided for a Nutrient Feed containing C4 and C5 carbon
sources prevalent in NVR and a Base Feed (12% (v/v) NH;
(aq)), both filter sterilized into the fermenter via peristaltic
pumps. Furthermore, a peristaltic pump allowed for biomass
harvest from the fermenter.

The chemo-stat’s control philosophy entailed manual feed
control of the Nutrient Feed via the pump’s variable speed
drive, pH control via the Base Feed, temperature control via
cooling water supply to the fermenter’s jacket, fixed aeration,
and agitation rates via the respective feedback loops and level
control via the harvest pipe depth using the harvest pump.

The initial charge minimal media was prepared (6.7 g/LL
yeast nitrogen base without amino acids, 16.5 g/LL glucose
H,0, 1 mL/L antifoam) and the Nutrient Feed containing the
C4 and C5 acids was prepared (Al: 6.7 g/LL yeast base without
amino acids; 10 g/IL valeric acid; 0.4 g/LL succinic acid; 2.3
g/L butyric acid; 0.8 g/LL glutaric acid; and 1 mL/L antifoam;
A2: 6.7 g/LL yeast base without amino acids; 30 g/I. valeric
acid; 1.2 g/ succinic acid; 6.9 g/IL butyric acid; 2.3 g/L.
glutaric acid; and 1 mL/L. antifoam). The control parameters
for the fermenter were setup (Al and A2: 1 vvm aeration, pH
7.0, DO calibration at pH 7.0 and 1 vvm to 100% saturation,
28° C., 750 rpm initial agitation until glucose depletion, max
rpm final agitation after glucose depletion, manual antifoam).

The fermenter was inoculated with a 10 [%] (v/v) inoculum
from a mixture of 72 wild-type Yarrowia lipolytica strains
using 750 uL. from each shake flask that was grown overnight
from a cryopreserved stock. Cultures were grown in batch
phase on glucose until steady state was reached. Nutrient feed
was commenced and steady state was attained at a dilution
rate of ~0.1 [h™!] at a dissolved oxygen (DO) concentration of
~20 [%] of saturation (FIG. 13). Prior to attaining this steady
state at 0.1 [h™'], a pH disturbance was incurred, as shown in
FIG. 14, and a pH excursion drift change experiment was
undertaken as shown in FIG. 15. Samples were taken before
each increase in dilution rate to select strains capable of
utilizing organic acids efficiently.

Results:

A mixed culture of ~13 Yarrowia lipolytica strains (based

on visual assessment of colony morphology) able to effi-
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ciently utilize butyrate and valerate as sole carbon source has
been isolated from the original 72 strains.

Strains unable to catabolize butyrate and valerate effi-
ciently were washed out of the chemostat fermenter owed to
an uncompetitive growth rate. Table 5 shows the instanta-
neous consumption rates of butyric, valeric, succinic and
glutaric acid.

TABLE 5
Component Consumption rate [pumol/((g DCW) - h)]
Butyric acid 162
Valeric acid 440
Succinic acid 73
Glutaric acid -5.1

As shown in FIG. 14, the dissolve oxygen (DO) concen-
tration, as an indicator of oxygen uptake rate at fixed oxygen
transfer rate, increases sharply from ~35% saturation to
~70% saturation as the pH increases from 7.0 to 8.0. Given
that oxygen consumption is an indicator of growth rate and
thus carbon source consumption in an obligate aerobe, such
as Yarrowia lipolytica, cultivation at pH>8.0 is not feasible
using NVR carbon species as sole carbon and energy source.

As shown in FIG. 15, the dissolve oxygen (DO) concen-
tration, as indicator of oxygen uptake rate at fixed oxygen
transfer rate, increases sharply from ~20% sat. to 90% sat. as
the pH decreases from 7.0 to 5.0. Given that oxygen con-
sumption is an indicator of growth rate and thus carbon source
consumption in an obligate acrobe, such as Yarrowia lipoly-
tica, cultivation at pH<5.0 is not feasible using NVR carbon
species as sole carbon and energy source.

Despite the broad growth pH range of Yarrowia lipolytica
of 2.0<pH<9.0 (Gonzalez-Lopez, C.I. (2002), Genetic con-
trol of extracellular protease synthesis in the yeast Yarrowia
lipolytica. Genetics, 160: 417-427), the growth rate on the
prevalent carbon sources in NVR is significantly inhibited at
pH>8.0 and pH<5.0.

The consumption of the C4 and C5 monoacids was excel-
lent, while the diacids were utilized much less efficiently and
accumulated in the broth. HPLC quantification of the broth
components clearly indicated that a portion of butyric acid
and valeric acid was utilized for growth, while the rest was
transformed via the endogenous w-oxidation pathway to the
diacids, succinic acid and buturic acid. See, Table 5. There-
fore, host cell microorganisms, such as Yarrowia lipolytica,
can be used to consume less desirable components, e.g., C4
and C5 monoacids, of a mixed organic waste stream.

Example 3

Chemo-Stat Fermentation with Cell Retention Using
NVR as Carbon and Energy Source for Yarrowia
lipolytica

A chemo-stat fermentation with cell retention was set up,
as shown in FIG. 16, with a 1 L jacketed glass fermenter and
a 225 [em?] polyethersulfone 0.2 [um] hollow fibre mem-
brane. The experimental set-up provided for a NVR Feed,
Nutrient Feed and Base Feed (12 [%] (v/v) NH;(aq)) that was
filter sterilized into the fermenter via peristaltic pumps. Fur-
theimore, a peristaltic pump provided the necessary cross-
flow retentate flow rate to the hollow fibre membrane, a peri-
staltic pump allowed withdrawal of permeate and a peristaltic
pump allowed for a biomass bleed from the fermenter.

The chemo-stat’s control philosophy entailed manual feed
ratio control of the NVR Feed to Nutrient Feed rates, pH
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control via the Base Feed, temperature control via cooling
water supply to the fermenter’s jacket, fixed acration & agi-
tation rates via the respective feedback loops, fixed cross-flow
rate via the retentate pump’s variable speed drive, manual
level control via the permeate pump and manual dilution rate
control via the bleed pump.

The initial charge minimal media was prepared (6.7 g/LL
yeast base without amino acids+(NH,),SO,, 15 g/L glucose,
75 mg/L citric acid (Mr=210 g/mol), 5.8 g/LL sodium citrate
(Mr=294.1 g/mol), 10.7 g/L. K,HPO, (Mr=174 g/mol), 5.2
g/LKH,PO, (M=136.1 g/mol), and 2 mL/L antifoam) and the
Nutrient Feed was prepared (6.7 g/L yeast base without
amino acids+(NH,),SO,, 75 mg/LL citric acid (Mr=210
g/mol), 5.8 g/L. sodium citrate (Mr=294.1 g/mol), 10.7 g/L.
K,HPO, (Mr=174 g/mol), 5.2 g/ KH,PO, (M=136.1
g/mol), and 2 mL/L antifoam). The control parameters for the
fermenter were set up (Al and A2: 1 vvm aeration, pH 7.0,
DO calibration at pH 7.0 and 1 vvm to 100% saturation, 28°
C., 750 rpm initial agitation until glucose depletion, 1250 rpm
final agitation after glucose depletion, manual antifoam).

The fermenter was inoculated with a 10% (v/v) inoculum
from a wild-type Yarrowia lipolytica shake flask that was
grown overnight from a cryopreserved stock. The batch expo-
nential growth phase commenced for approximately 8 hours
until glucose depletion.

After glucose depletion, a steady state was attained with an
effective 2% (v/v) NVR feed at a Nutrient Feed flow rate of
~215 [mL/h] and an effective biomass dilution rate of ~0.025
ul, as shown in FIG. 17.

The NVR carbon species identified in the NVR Feed and
permeate samples via HPLC retention times were y-butyro-
lactone, butyric acid, succinic acid, d-valerolactone, valeric
acid, 5-hydroxyvaleric acid, glutaric acid, caproic acid, 6-hy-
droxycaproic acid and adipic acid.

Table 6 summarizes the NVR species with net catabolism
or biosynthesis by wild-type Yarrowia lipolytica. In particu-
lar, catabolism of C4, C5, and C6 monoacids was observed by
Yarrowia lipolytica during steady state chemo-stat cultivation
with cell retention using 2% (v/v) NVR at a flow rate of ~215
[mIL/h] and an effective biomass dilution rate of ~0.025 [h~!].

TABLE 6

Synthesis (S),

Catabolism (C) & Flux
NVR species Non-metabolized (NM) [% of valerate uptake]
y-butyrolactone M 0
butyric acid C 7
succinic acid S 17
d-valerolactone NM 0
valeric acid C 100
5-hydroxyvaleric acid S 32
glutaric acid S 12
caproic acid C 42
6-hydroxycaproic acid S 18
adipic acid C 18

From Table 6, it can be seen that a net synthesis of succinic
acid and glutaric acid was achieved at steady state, showing
that a portion of the linear C4-C6 species were oxidized to the
corresponding dicarboxylic acids by the wild-type Yarrowia
lipolytica culture.

It can also been seen from Table 6 that a net synthesis of
5-hydroxyvaleric acid and 6-hydroxycaproic acid demon-
strates carbon overflow into w-oxidation, indicative of a satu-
rated [-oxidation pathway. Therefore, the catabolism of
C4-C6 NVR species is attenuated in the wild-type Yarrowia
lipolytica culture.
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Moreover, Table 6 shows that a portion of the linear C4-C6
monocarboxylic acids were catabolized; notably butyric,
valeric and caproic acid. Therefore, a portion of the C4-C6
NVR species was catabolized by the wild-type Yarrowia
lipolytica culture.

It can also be seen in Table 6 that the catabolism of the C6
components, caproic and adipic acid have steady state fluxes
at 42% and 18% of the catabolism of the C5 component
valeric acid respectively. The lower steady state flux of
butyric acid at 7% of the catabolism of valeric acid is a
consequence of carbon source limiting conditions for butyric
acid, given the low concentration in the NVR Feed. There-
fore, caproic and adipic acid were catabolized at a lower rate
than valeric acid by the wild-type Yarrowia lipolytica culture.

Finally, Table 6 shows that there was a net catabolism of
caproic acid and a net synthesis of 6-hydroxycaproic acid
indicative of w-oxidation activity. Therefore, a portion of the
caproic acid was oxidized to 6-hydroxycaproic acid by the
wild-type Yarrowia lipolytica culture.

Table 7 shows enrichment of adipate and dicarboxylic
acids on a mass basis during steady state chemo-stat cultiva-
tion with cell retention using 2% (v/v) NVR at a flow rate of
~2115 [mL/h] and an effective biomass dilution rate of 0.025
[h™7].

TABLE 7
Adipic acid purity
on total Dicarboxylic acid purity on
identified NVR total identified

species by HPLC NVR species by HPLC
Feed [%] (m/m) [%] (m/m)
NVR to fermentation 8.1 12.6
Steady state broth 5.7 15.1

concentration between a
batch time of 103-118 [h]

It can be seen from Table 7 that the steady state broth purity
of dicarboxylic acids on a identified NVR species basis
increased relative to the dicarboxylic acid purity in NVR.

The steady state dissolved oxygen (DO) concentration
<100 [%] of saturation at an effective NVR feed concentra-
tion of 2% (v/v) demonstrates maintenance of culture viabil-
ity for effective NVR feed concentrations >1% (v/v). See,
FIG. 17. The steady state dissolved oxygen (DO) concentra-
tion <100% at an effective biomass dilution rate of ~0.025
[h~'] demonstrates a measureable growth rate in effective
NVR feed concentrations >1% (v/v).

This example demonstrates that wild-type Yarrowia lipoly-
tica cultured in NVR is capable of oxidizing linear C4-C6
species to the corresponding dicarboxylic acids, and attenu-
ating catabolism of C4-C6 NVR species. Moreover, wild-
type Yarrowia lipolytica culture was able to selectively
catabolize NVR components, as caproic and adipic acid were
catabolized at a lower rate than valeric acid. Additionally,
catabolism of caproic acid resulted in the production of useful
intermediates, e.g., 6-hydroxycaproic acid.

Example 4

Identification of Valerolactone as an Inhibitory
Compound in NVR

Thirteen Y. lipolytica strains were selected for their ability
to consume butyric and valeric acid. The strains were culti-
vated in a chemo-stat on 2.5% (v/v) NVR as sole energy and
carbon source in different conditions, including C-source
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limiting and pH stat. In each case, the culture failed to reach
steady state and was washed out. All components known to be
present in NVR, including heavy metals, were evaluated and
tested for toxicity, but none explain the severe inhibitory
effect observed during feed of NVR as sole carbon source.
HPLC analysis of the components in the broth showed that an
unknown compound accumulated in the broth and was not
consumed at all.

When Y. lipolytica strains previously adapted to NVR on
agar plates containing 3% NVR were exposed to butyrolac-
tone, valerolactone and caprolactone at concentrations
between 0.1 and 1 g/L, it was found that valerolactone was
inhibitory, especially to the strain selected by chemostat cul-
ture for growth on C4 and C5 acids (FIG. 18). A cell retention
chemo-stat was required to avoid cell wash-out. In one such
cell retention chemo-stat, at a 2% (v/v) effective NVR feed,
valerolactone accumulates to ca. 1.7 g/L in the broth (FIG.
19), which from the inhibitory studies will completely inhibit
growth. HPL.C analysis confirmed that NVR contains a high
concentration (ca. 92 g/L.) of valerolactone.

This example identified valerlactone as an important
inhibitory compound present in NVR. The presence of vale-
rolactone was confirmed to inhibit the growth of NVR-toler-
ant host cells.

Example 5

Lactone Hydrolases Remove Valerolactone from
NVR by Converting it to 5-Hydroxyvaleric Acid, and
Conversion of Cyclohexanol/Cyclohexanone in NVR

to Adipic Acid

Thehydrolysis of lactones is catalyzed by the 1,4-lactonase
class of enzymes (EC 3.1.1.25) and gluconolactonases (EC
3.1.1.17), which mediate the interconversion between the
lactone and acid forms of hydroxy carboxylic acids. Micro-
bial cells that are able to grow on cyclohexanol or cylcohex-
anone as sole carbon source, convert cyclohexanone to adipic
acid via e-caprolactone. The hydrolysis of e-caprolactone to
6-hydroxyhexanoate is catalyzed by ChnC (FIG. 20).

Lactonases (ChnC) form organisms with a cyclohexanol
degradation pathway are known to be able to convert 8-vale-
rolactones to S-hydroxyvaleric acid can be cloned and
expressed as secreted enzymes in a host with a w-oxidation
pathway. This may allow the host, such as Y. /ipolytica, to
detoxify NVR by converting 8-valerolactone to 5-hydroxy-
valeric acid, and subsequently converting the formed 5-hy-
droxyvaleric acid to glutaric acid. See, Example 7 for general
methods to express heterologous hydrolases in Y. lipoytica
targeted for extracellular secretion.

Similarly, the gene cluster comprised of ChnB, ChnC, Chn
D, and ChnE can be expressed in Y. /ipolytica or other suitable
host cells to convert the cyclohexanol/cyclohexanone present
in NVR to adipic acid. Suitable sources of gene clusters for
conversion of cyclohexanone to adipic acid, or Chn C to
convert 8-valerolactones to 5-hydroxyvaleric acid include the
following:

Acintobacter acetyl-hydrolase (ChnC) (GenBank Acces-
sion AAG10029.1, SEQ ID NO:1).

A gene cluster in Acinetobacter SE19, which utilizes
cyclohexanol as a sole carbon source, contains 13 open read-
ing frames, including ChnC which is responsible for the
hydrolysis step (FIG. 1, Cheng Q, Thomas S M, Kostichka K,
Valentine ] R, Nagarajan V (2000). Genetic analysis of a gene
cluster for cyclohexanol oxidation in Acinetobacter sp. Strain
SE19 by in vitro transposition. Journal of Bacteriology. 182:
4744-4751). Upon mutation in Acinetobacter, the accumula-



US 9,334,508 B2

45

tion of caprolactone demonstrated that chnC encodes capro-
lactone hydrolase. Onakunle et al (1997) report this lactonase
as having strong specificity towards, e-caprolactone, with
some activity towards 8-lactones. (Onakunle O A, Knowles C
S, Bunch A W. (1997). The formation and substrate specific-
ity of bacterial lactonases capable of enantioselective resolu-
tion of racemic lactones. Enzyme and Microbial Technology.
21:245-251).

Brevibacterium epidermidis HCU Lactonohydrolase
(ChnC2) (GenBank Accession AAK73167.2, SEQID NO:2).

Brevibacterium epidermidis HCU are able to grow on
cyclohexanol and are proposed to contain two different e-ca-
prolactone hydrolases (Brzostowicz P C, Blasko M S, Rou-
viere PE (2002). Identification of two gene clusters involved
in cyclohexanone oxidation in Brevibacterium epidermidis
strain HCU. Applied and Microbiological Biotechnology.
58:781-789). These share only 21% identity with one another,
the Cluster 1 gene is most closely related to the Rhodococcus
caprolactonases (below). The gene from Cluster 2 shares
closest homology with 5-valerolactonases, including that
from Comomonas sp. NCIMB 9872 and this lactone hydro-
lase was isolated from bacteria capable of growing on 0.1%
cyclopentanol as its sole carbon source (Ishikawa T, Nish-
ikawa H, Gao Y, Sawa Y, Shibata H, Yabuta Y, Maruta T,
Shigeoka S (2008). The pathway via D-galacturonate/L-ga-
lactonate is significant for ascorbate biosynthesis in Fuglena
gracilis: identification and functional characterization of
aldonolactonase. Journal of Biological Chemistry. 283:
31133-31141) and has a strong preference for d-valerolac-
tone (10x greater than for e-caprolactone), as reported by
Onakunle et al. (Onakunle O A, Knowles C J, Bunch A W
(1997) The formation and substrate specificity of bacterial
lactonases capable of enantioselective resolution of racemic
lactones. Enzyme and Microbial Technology. 21: 245-251).
The gene from Cluster 1 is closer to the caprolactone hydro-
lases.

Rhodococcus sp. Phi2 Caprolactone Hydrolase (ChnC)
(GenBank Accession AAN37290.1, SEQ ID NO:3).

Brzostowicz et al., (2003) identified a partial gene cluster
in Rhodococcus sp. Phi2 from a microbial community
enriched for growth on cyclohexanone in a wastewater biore-
actor. (Brzostowicz P C, Walters D M, Thomas S M, Naga-
rajan V, Rouvie’re P E (2003) mRNA differential display in a
microbial enrichment culture: simultaneous identification of
three cyclohexanonemonooxygenases from three species.
Applied and Environmental Microbiology. 69: 334-342). The
cluster contains the four genes required for oxidation of
cyclohexanone to adipic acid and the caprolactone hydrolase
is closely related to the equivalent protein in Arthrobacter sp
BO2, which was also identified in the same study. Bennett et
al purified a caprolactone hydrolase from Nocardia globerula
CL 1 which was induced in the presence of cyclohexanol.
(Bennett A P, Strang E J, Trudgill P W, Wong V K (1988).
Purification and properties of e-caprolactone hydrolases from
Acinetobacter NCIB 9871 and Nocardiaglobevula CU. Jour-
nal of General Microbiology. 134: 161-168). This protein
exhibited maximum activity against e-caprolactone and
d-valerolactone (40% activity relative to that with e-capro-
lactone). Nocardia globerula and Rhodococcus are both in
the Nocardiaceae family.

Euglena gracilis Lactonase (GNL) (GenBank Accession
BAF94304.1, SEQ ID NO:4).

Ishikawa et al., (2008) report the activities of a purified
aldonolactonase from the photosynthetic algae Euglena gra-
cilis which hydrolyzes Glucono-d-lactone, galactono-y-lac-
tone and glucono-y-lactone.
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The LIP2 gene encodes the main extracellular lipase activ-
ity of ¥ lipolytica (Pignede G, Wang H, Fudalej F, Gaillardin
C, Seman M, Nicaud J] M (2000). Characterization of an
extracellular lipase encoded by LIP2 in Yarrowia lipolytica.
Journal of Bacteriology. 182: 2802-2810) and its cDNA
sequence encodes a pre-pro enzyme containing a 13 amino
acid signal sequence, a stretch of four dipeptides (X-Ala or
X-Pro) that are substrates of a diaminopeptidase and a 12
amino acid pro-region containing a KR (Lys-Arg) site, sub-
strate for the Xprendoprotease (FickersP, Marty A, Nicaud J
M (2011). The lipases from Yarrowia lipolytica: Genetics,
production, regulation, biochemical characterization and bio-
technological applications. Biotechnology Advances 29:
632-644). At the early stage of growth the extracellular lipase
is mainly associated with the cell wall before being released
in the culture broth at the end of the growth phase (FickersP,
Nicaud J M, Gaillardin C, Destain J, Thonart P (2004). Car-
bon and nitrogen sources modulate lipase production in the
yeast Yarrowia lipolytica. Journal of Applied Microbiology
96:742-9). Consequently, the signal sequence of LIP2 is suit-
able for fusion with other 1 proteins to enable secretion.

Based on reports in the art that lactonases convert d-vale-
rolactones to 5-hydroxyvaleric acid, lactonases can be cloned
and expressed as secreted enzymes in a host cell that also
contains an w-oxidation pathway to mediate removal of vale-
rolactone from NVR via conversion to 5-hydroxyvaleric acid.
Additionally, based on reports in the literature that microbial
genes, e.g., ChnB, ChnC, Chn D, and ChnE, are responsible
for utilization of cyclohexanol or cylcohexanone as a sole
carbon source, these genes can be cloned and expressed in
another host cell, e.g., Y. lipolytica, to convert cyclohexanone
to adipic acid via e-caprolactone.

Therefore, a lactonase, e.g., ChnC, may be expressed in a
host, cell such as Y lipolytica, to remove the growth inhibition
components from NVR by converting 8-valerolactone to
5-hydroxyvaleric acid, which can be subsequently converted
to glutaric acid via the w-oxidation pathway. In such a man-
ner, a host cell may modify the properties of the mixed
organic waste stream such that the waste stream is suitable for
growth of the microorganism.

Example 6

Conversion of Caproic Acid and Hydroxycaproic
Acid to Adipic Acid by Y. lipolytica and
Accumulation of Adipic Acid in Strains with PDX
Genes Encoding Acyl-CoA Oxidase Disrupted

Yarrowia lipolytica wild type (W29 or Pold (Mata ura3-
302-270, xpr2-322, Ura™, Leu)) and mutant strains with vari-
ous PDX gene deletions (Table below) were pre-cultured in
YPD (3 ml) for 16 hours and used to inoculate shake flasks
containing 10% production media (Y1T2D102, pH6.8-see
general methods) to a final ODg,, of 0.05.

TABLE 8

Yeast strains used in this study
Yeast Strains and Phenotypes

IMY339, W29 (Mata, wild-type)

Pold (Mata ura3-302 leu2-270 xpr2-322, Leu Ura")

IMY117, MTLY 24 (Mata ura3-302, xpr2-322, Apox5)

IMY1283, MTLY32 (Mata ura3-302, xpr2-322 Apox2 Apox5)
IMY1284, MTLY36 (Mata ura3-302, xpr2-322 Apox2 pox3 ApoxS5)
MTLY40 (Mata ura3-302, xpr2-322 Apox2Apox3Apox4ApoxS)
MTLY92 (Mata ura3-302, xpr2-322,
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TABLE 8-continued

Yeast strains used in this study
Yeast Strains and Phenotypes

AleuApox1Apox2Apox3Apox4Apox5pox6::hph)
IMY1233, MTLY95a (Mata ura3-302, xpr2-322, Aleu2Apox1-6)
Candida maltosa (class 1, optional)

Strains were cultivated for 48 hours, harvested by centrifu-
gation and resuspended to 200 mg/ml1 in phosphate buffer (50
mM. pH 7.0 containing glucose (10 mM), glucose-6-phos-
phate (6.7 mM), 0.4 U Glc6P dehydrogenase and NADPH (5
mM). Reactions were started by the addition of NVR (4%)
and stopped after 24 hours by addition of 100 ul 6M H,SO,
and supernatants analysed by LC-MS.

The results clearly show that 6-hydroxycaproic acid and
adipic acid accumulate in reaction supernatants of strains
with impaired p-oxidation (PDX mutants) while no accumu-
lation is observed in parent and wildtype strains. Deletion of
PDX genes thus prevents degradation of both adipic acid and
6-hydroxycaproic acid in NVR through f-oxidation, as
depicted in FIG. 1, and illustrated in FIGS. 21 and 22. Catabo-
lism of 6-hydroxycaproic acid and adipic acid by parent and
wildtype strains can thus be prevented by identifying the PDX
genes involved in catabolism of C6 components in NVR via
[p-oxidation and deleting those PDX genes in the host strain.
In Yarrowia lipolytica, PDX3 has the greatest effect on C6
components.

Example 7

General Methods for Cloning of Genes and
Expression of Enzymes Targeted for Extracellular
Secretion in Y. lipolytica

The LIP2 gene encodes the main extracellular lipase activ-
ity of Y. lipolytica (Pignede G, Wang H, Fudalej F, Gaillardin
C, Seman M, Nicaud J] M (2000). Characterization of an
extracellular lipase encoded by LIP2 in Yarrowia lipolytica.
Journal of Bacteriology. 182: 2802-2810) and its cDNA
sequence encodes a pre-pro enzyme containing a 13 amino
acid signal sequence, a stretch of four dipeptides (X-Ala or
X-Pro) that are substrates of a diaminopeptidase and a 12
amino acid pro-region containing a KR (Lys-Arg) site, sub-
strate for the Xprendoprotease (FickersP, Marty A, Nicaud J
M (2011). The lipases from Yarrowia lipolytica: Genetics,
production, regulation, biochemical characterization and bio-
technological applications. Biotechnology Advances 29:
632-644). At the early stage of growth the extracellular lipase
is mainly associated with the cell wall before being released
in the culture broth at the end of the growth phase (Fickers P,
Nicaud J M, Gaillardin C, Destain J, Thonart P (2004). Car-
bon and nitrogen sources modulate lipase production in the
yeast Yarrowia lipolytica. Journal of Applied Microbiology
96:742-9). Consequently, the signal sequence of LIP2 is suit-
able for fusion with other proteins to enable secretion.

Standard molecular techniques were applied, according to
Sambrook et al., (Molecular Cloning—a Laboratory Manual,
Cold Spring Harbor Laboratory Press, 1989). Target DNA
sequences encoding for the respective hydrolases (esterases,
lipases, cutinases, lactonases) were first codon-optimized,
according to the frequency of codon usage in the expression
host Yarrowia lipolytica. Subsequently, the codon-optimized
hydrolase gene sequences were designed to fuse/replace their
original signal peptide sequences with Yarrowia lipolytica
lipase 2 (Lip2) prePro DNA sequence at the 5' arm side for
efficient protein expression, secretion, and procession. A
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BamHI site together with a consensus sequence (CACA) at
the translation initiation site, and an Avrll site plus two stop
codons were also engineered at both the 5' arm and the 3' arm
sides respectively, to facilitate cloning the target genes into
the yeast expression vectors (Gasmi et al., (2011) Appl
Microbiol Biotechnol 89:109-119). All the hydrolase genes
were synthesized, and finally cloned in the pEX-A vector
(pEX-A Hydrolases) by Eurofins MWG operon (Germany).

The fragments carrying the prePro Lip2_Hydrolases (es-
terases, lipases, cutinase, or lactonase) were rescued from the
pEX-A_Hydrolases plasmids with BamHI/Avrll restriction
enzymes, purified and subcloned into the Yarrowia lipolytica
expression vector, IMP62 UR Aex (JME 803), which contains
a strong inducible Pox promoter, a Lip2 gene terminator, a
Ura3 selectable marker, as well as Zeta-docking sequences
for random chromosomal integration (see FIG. 3 for a sche-
matic plasmid map of the IMP62-hydrolase expression vec-
tors and of the hydrolase expression cassettes).

The expression vectors with target hydrolases were
digested with the restriction enzyme, Notl, and subjected to
electrophoresis. The expression cassettes were extracted
from the gel and used for transformation of Yarrowia lipoly-
tica.

A lipase deficient strain of Yarrowia lipolytica, IMY 1212
(MATA  ura3-302 leu2-270-LEU2-zeta  xpr2-322
Alip2Alip7Alip8, Leu*, Ura™), was transformed using lithium
acetate method as described by Le Dall et al., 1994 (Multiple-
copy integration in the yeast Yarrowia lipolytica. Current
Genetics 26:38-44). Yarrowia lipolytica transformants were
obtained upon selection for Ura+ on YNB medium plates.
Independent colonies were selected from each transformed
strain with respective hydrolase.

Yeast strains were grown in rich medium YPD (10 g/l yeast
extract, 10 g/l bactopeptone, 10 g/l glucose) orinY1T2D10,
medium (1% yeast extract, 2% tryptone, 1% glucose, 2%
oleic acid, and 50 mM sodium phosphate buffer, pH 6.8) for
inducible expression. Protein expression and enzymatic
hydrolytic activity towards oligomeric esters were deter-
mined with modified method, as described by ((Pignede et
42000 Appl. Environ. Microbiol. 66:3283-3289).

Accordingly, using these standard cloning techniques, Y.
lipolytica can be modified to express and secrete enzymes that
catabolize oligomeric ester components of mixed organic
waste streams into monomers, and further enzymatically pro-
cess the monomer components into desirable compounds.

Example 8

Conversion of Components in NVR to
a,m-Difunctional C6 Alkanes

FIG. 2 shows the enzymatic conversion of 6-hydroxycap-
roic acid to 1,6-hexanediol, adipic acid to 6-oxohexanoic
acid, and 6-oxohexanoic acid to 6-aminocaproic acid. 6-ami-
nocaproic acid in turn can be converted to hexamethylenedi-
amine or caprolactam.

Conversion of 6-oxohexanoic acid to 6-aminocaproic acid
(reaction 1 in FIG. 2) catalyzed by beta-alanine-aminotrans-
ferases (EC 2.6.1.19) has been documented (.Enzymatic stud-
ies on the metabolism of beta-alanine (Hayaishi et al.,. 1961
J. Biol. Chem. 236, p. 781-790) and further examples of
1-aminotransferases are disclosed in W02009/113855 (The
preparation of 6-aminocaproic acid from 5-formyl valeric
acid) and W0O2011-031147 (Preparation of acompound com-
prising an amine group from an alpha-keto acid). Enzymes
that are suitable to catalyze the conversion of adipic acid to
6-oxohexanoic acid (reaction 2 in FIG. 2) include carboxylate
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reductases (EC 1.2.99.6) or aldehyde dehydrogenase (EC
1.2.1.3 and EC 1.2.1.31). Enzymes that are suitable to cata-
lyze the conversion of 6-oxohexanoic acid to 6-hydroxyhex-
anoic acid include 6-hydroxyhexanoate dehydrogenase (EC
1.1.1.258). Enzymes that are suitable to catalyze the conver-
sion of 6-hydroxyhexanoic acid to 1,6-hexanediol (reaction 4
in FIG. 2) include bifunctional alcohol/aldehyde dehydroge-
nases (EC 1.2.1.10), while enzymes that are suitable to cata-
lyze the conversion of 6-aminohexanoic acid to caprolactam
(reaction 5 in FIG. 2) include amidohydrolase (EC 3.5.2.-),
such as EC 3.5.2.11. Predicted enzymes suitable to catalyze
conversions 2, 3, 4, and 5 in FIG. 2 have been disclosed
(W02009/151728: Microorganisms for the production of
adipic acid and other compounds, W0O2010/068944: Biologi-
cal synthesis of difunctional alkanes from carbohydrate feed-
stocks).

All documents cited herein, including, but not limited to,
patents, published patent applications, and non-patent litera-
ture, are incorporated by reference herein in their entirety.

The invention claimed is:

1. A method for enriching monomer content in a cycloal-
kane oxidation process mixed organic waste stream, compris-
ing:

(a) combining a biocatalyst with a mixed organic waste
stream from a cycloalkane oxidation process, wherein
the biocatalyst is esterase (EC 3.1.1.1), cutinase (EC
3.1.1.74), polyhydroxyalkanoate (PHA) depolymerase
(EC 3.1.1.75 & EC 3.1.1.76), 1,4-lactonase (EC
3.1.1.25), or gluconolactonases (EC 3.1.1.17), or com-
binations thereof, and

(b) enzymatically converting lactone, dimeric and/or oli-
gomeric components of said mixed organic waste stream
into monomeric components.

2. The method according to claim 1, further comprising
treating said mixed organic waste stream with at least one
hydrolase enzyme, a naturally or non-naturally occurring
host cell which:

a. hydrolyzes oligomeric esters into monomers, and

b. increases the amount of monomer components.

3. The method according to claim 2, wherein treatment
with the hydrolase reduces the viscosity of the mixed organic
waste stream to improve the efficiency of burning the stream
and/or prepare the stream for further chemical or biological
treatment.

4. The method according to claim 3, further comprising
burning the treated mixed organic waste stream for fuel value
or to produce a syngas.

5. The method according to claim 3, further comprising
performing an esterification to produce mixed esters or poly-
ols, hydrogenation to produce diols, oxidation to produce
diacids, reductive amination, sulfonation, or treating with
NH,OH or polyamines.

6. The method according to claim 2, wherein the hydrolyz-
ing oligomeric esters into monomers is performed concur-
rently with additional separation, chemical conversion, or
enzymatic conversion by a biocatalyst.

7. The method according to claim 1, further comprising:

treating said mixed organic waste stream with a naturally
or non-naturally occurring host cell which:

a. hydrolyzes at least a portion of oligomeric esters into
monomers;

b. hydrolyzes at least a portion of lactones into hydroxy-
acids; or

c. oxidizes at least a portion of linear C4-C6 monoacids,
hydroxy-acids and oxo-acids to the corresponding diac-
ids, and

increasing the amount of diacids.
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8. The method according to claim 7, further comprising
esterifying the diacids prior to separation into C4, CS5, or C6
diacids.

9. The method according to claim 1, further comprising:

treating said mixed organic waste stream with a non-natu-

rally occurring host cell, which:

a. hydrolyzes at least a portion of oligomeric esters into

monomers;

b. hydrolyzes at least a portion of e-caprolactone to 6-hy-

droxy-caproic acid;

c. oxidizes at least a portion of caproic acid, 6-hydroxyca-

proic acid and 6-oxocaproic acid to adipic acid;

d. converts at least a portion of the cyclic C6 components to

adipic acid;

e. catabolizes at least a portion of C3, C4 and C5 compo-

nents; or

f. catabolizes C6 components at a lower rate than C3, C4

and C5 components, and increasing the concentration of
adipic acid and reducing the amount of mono-acids and
hydroxyacids.

10. The method according to claim 1, further comprising:

treating said mixed organic waste stream with a non-natu-

rally occurring host cell which:

a. hydrolyzes at least a portion of oligomeric esters into

monomers;

b. oxidizes at least a portion of caproic acid to 6-hydroxy-

caproic acid;

c. converts at least a portion of the cyclic C6 components to

6-hydroxycaproic acid or 6-oxocaproic acid;

d. catabolizes at least a portion of C3, C4 and C5 compo-

nents; or

e. catabolizes C6 components at a lower rate than C3, C4

and C5 components; and expressing at least one biosyn-
thetic pathway enzyme to convert adipic acid, 6-hy-
droxycaproic acid or 6-oxohexanoic acid to 1,6-hex-
anediol, 6-aminocaproic acid, e-caprolactam or
hexamethylenediamine, and

converting C6 components and precursors present in said

stream to o, w-difunctional C6 alkanes.

11. The method according to claim 10, wherein the non-
naturally occurring host cell which converts oligomeric
esters, caproic acid, and cyclic C6 compounds to 6-hydroxy-
caproic acid, 6-oxohexanoic acid, and adipic acid also pro-
duces 1,6-hexanediol.

12. The method according to claim 11, where the non-
naturally occurring host cell producing 1,6-hexanediol
expresses an aldehyde dehydrogenase catalyzing the conver-
sion of 6-oxohexanoic acid to 6-hydroxycaproic acid, and an
alcohol dehydrogenase catalyzing the conversion of 6-hy-
droxycaproic acid to 1,6-hexanediol.

13. The method according to claim 10, wherein the non-
naturally occurring host cell which converts oligomeric
esters, caproic acid, and cyclic C6 compounds to 6-hydroxy-
caproic acid, 6-oxohexanoic acid, or adipic acid also pro-
duces 6-aminocaproic acid.

14. The method according to claim 13, where the non-
naturally occurring host cell producing 6-aminocaproic acid
expresses an aminotransferase which converts 6-oxohex-
anoic acid to 6-aminocaproic acid.

15. The method according to claim 14, where the non-
naturally occurring host cell producing 6-aminocaproic acid
also expresses an amidohydrolase which converts 6-aminoca-
proic acid to e-caprolactam.

16. The method according to claim 14, where the non-
naturally host cell producing 6-aminocaproic acid also pro-
duces hexamethylenediamine via an aldehyde dehydroge-



US 9,334,508 B2

51

nase which converts 6-aminocaproic acid to 6-aminohexanal,
and a 1-aminotransferase which converts 6-aminohexanal to
hexamethylenediamine.

17. The method according to claim 1, wherein the mixed
organic waste stream from a cycloalkane oxidation process
further comprises a non-volatile residue (NVR), water wash,
a concentrated water extract (COP acid), a caustic wash
stream, or combinations thereof.

18. The method according to claim 1, further comprising
adding an isolated enzyme or an enzyme secreted by a natu-
rally occurring or non-naturally occurring host cell, and said
enzyme is a P450 cytochrome oxidase, an w-hydroxylase,
w-oxygenase enzyme or alkane-1-monooxygenase from the
class EC 1.14.15.3; a fatty alcohol oxidase; an alcohol dehy-
drogenase from the class EC 1.1.1.-; a Baeyer-Villiger
monooxygenase; a caprolactone lactonohydrolase; a fatty
alcohol oxidase; an alcohol dehydrogenase; a cyclohexane-
1,2-diol dehydrogenase; a cyclohexane-1,2-dione acylhydro-
lase; or a carboxylesterase from the a.,3-hydrolase fold family
(EC3.1.1.5).

19. The method according to claim 1, further comprising
adding an isolated enzyme or an enzyme secreted by a natu-
rally occurring or non-naturally occurring host cell, wherein
said enzyme is a cyclohexanol dehydrogenase/ChnA from
the class EC 1.1.1.245; cyclohexanone monooxygenase/
ChnB from the class EC 1.14.13.22; gluconolactonase/ChnC
from the class EC 3.1.1.17; ChnD from the class EC 1.1.1.2;
cyclohexane-1,2-diol dehydrogenase from EC 1.1.1.174;
cyclohexane-1,2-dione acylhydrolase from EC 3.7.1.10 or
EC 3.7.1.11; or combinations thereof.

20. The method according to claim 2, 7, 9, or 10, further
comprising hydrolyzing of oligomeric esters into monomers
by an isolated or immobilized hydrolase, or an endogenous or
heterologous hydrolase secreted by a naturally or non-natu-
rally occurring host cell during fermentation and bioconver-
sion.

21. The method according to claim 2, 7, 9, or 10, further
comprising catalyzing hydrolysis of oligomeric esters into
monomers by a hydrolase that is active at acidic pH, a physi-
ological pH, or an alkaline pH.

22. The method according to claim 7, 9 or 10, where the
naturally or non-naturally occurring host cell that converts
C4-C6 or C6 monoacids, hydroxy-acids and oxo-acids to
diacids via the oxo-acid, has an endogenous or heterologous
w-oxidation pathway which catalyzes one or more of the
following conversions:

a. conversion of butyric acid, valeric acid, and/or adipic

acid to succinic acid, glutaric acid, and/or adipic acid;

b. conversion of butyric acid, valeric acid, and/or adipic
acid to 4-hydroxybutyric acid, 5-hydroxyvaleric acid,
and/or 6-hydroxycaproic acid;

c. conversion of 4-hydroxybutyric acid, 5-hydroxyvaleric
acid, and/or 6-hydroxycaproic acid to 4-oxobutanoic
acid, 5-oxopentanoic acid, and/or 6-oxohexanoic acid;
or

d. conversion of 4-oxobutanoic acid, 5-oxopentanoic acid,
and/or 6-oxohexanoic acid to succinic acid, glutaric
acid, and/or adipic acid.

23. The method according to claim 22, where the endog-
enous or heterologous w-oxidation pathway converts ali-
phatic fatty acids to diacids via hydroxyl-acids and oxo-acids,
and said naturally or non-naturally occurring host cell is an
n-alkane utilizing yeast or bacterium.

24. The method according to claim 23, where the n-alkane
utilizing yeast is Yarrowia lipolytica, Candida tropicalis, C.
albicans, C. cloacae, C. guillermondii, C. intermedia, C. mal-
tosa, C. parapsilosis, C. zeylenoides, or combinations thereof,
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or yeasts of the Rhodotorula, Rhizopus, Trichosporon,
Debaryomyces and Lipomyces genera or combinations
thereof; and wherein the n-alkane utilizing bacteria is
Pseudomonas fluorescens, P. putida, P. acroginosa, P. oleover-
ans, Marinobacter hydrocarbonoclasticus, Acinetobacter
venetianus, Oleiphilus messinensis, Arthrobacter viscosus,
Cupriavidus metallidurans, Rhodococcus erythropolis, Sph-
ingomona spaucimobilis, Burkholderia cepacia, Delftia aci-
dovorans, Alcanivorax diesolei or combinations thereof.

25. The method according to claim 9 or 10, wherein the
naturally or non-naturally occurring host cell which converts
at least a portion of the cyclic C6 components of the waste
stream into 6-hydroxycaproic acid, 6-oxohexanoic acid or
adipic acid has an endogenous or heterologous pathway
which catalyzes one or more of the following conversions:

1. cyclohexanol to 6-oxohexanoic acid, wherein one or

more of the following conversions are catalyzed:

a. conversion of cyclohexanol to cyclohexanone;

b. conversion of cyclohexanone to e-caprolactone;

c. conversion of e-caprolactone to 6-hydroxyhexanoic
acid; or

d. conversion of 6-hydroxyhexanoic acid to 6-oxohex-
anoic acid;

II. 1,2-cyclohexanediol to 6-oxohexanoic acid, wherein

one or more of the following conversions are catalyzed:

a. conversion of cyclohexane-1,2-diol to cyclohexane-
1,2-dione; or

b. conversion of cyclohexane-1,2-dione to 6-oxohex-
anoic acid; and

III. 6-oxohexanoic acid to adipic acid.

26. The method according to claim 2, 7, 9, or 10, wherein
the naturally or non-naturally occurring host cell is tolerant to
a non-volatile residue (NVR).

27. The method according to claim 2, 7, 9, or 10, wherein
the naturally or the non-naturally occurring host cell is toler-
ant to at least 1% of the mixed organic waste stream from a
cycloalkane oxidation process by volume.

28. The method according to claim 27, further comprising
improving the tolerance of the host cell to the mixed organic
waste stream by reducing the amount of inhibitory com-
pounds in said mixed organic waste stream from a cycloal-
kane oxidation process.

29. The method according to claim 28, wherein the inhibi-
tory compounds include lactones, and wherein the method
further comprises reducing the amount of lactones in the
mixed organic waste stream from a cycloalkane oxidation
process by treating with one or more biocatalysts which
hydrolyze the lactones to the corresponding hydroxyl-acids
before or during treatment of the mixed organic waste stream
with the naturally or non-naturally occurring host cell.

30. The method according to claim 29, wherein the bio-
catalyst which hydrolyze the lactones is an enzyme expressed
by the naturally or non-naturally occurring host cell and
secreted during fermentation.

31. The method according to claim 9 or 10, wherein the
lower rate of catabolism of C6 compounds by the non-natu-
rally occurring host cell provides a higher yield of C6 com-
ponents from the mixed organic waste stream from a cycloal-
kane oxidation process.

32. The method according to claim 31, further comprising
reducing the degradation of caproic acid, hydroxycaproic
acid, and adipic acid to acetyl-CoA through f-oxidation by
the non-naturally occurring host cell.

33. The method according to claim 32, wherein degrada-
tion of caproic acid, hydroxycaproic acid and adipic acid
through p-oxidation is reduced by deleting or inhibiting one
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or more enzymes that use caproic acid, hydroxycaproic acid
and adipic acid to generate CoA esters as a substrate.

34. The method according to claim 33, comprising reduc-
ing degradation of caproic acid, hydroxycaproic acid, and
adipic acid through p-oxidation by deleting or inhibiting one 5
or more enzymes that oxidize CoA esters.

35. The method according to claim 34, wherein the enzyme
or enzymes is or are chosen from CoA ligases, CoA trans-
ferases, acyl-CoA oxidases, and acyl-CoA dehydrogenases.

36. The method according to claim 7, 9, or 10, further 10
comprising crystallizing adipic acid.

37. The method according to claim 7, 9, or 10, wherein the
natural or non-natural host cell utilizes carbon sources at pH
5.0-8.0.

38. The method according to claim 1, 2,7,9,10, 17,18, or 15
19, further comprising recovering or separating said mono-
meric components, diacids, adipic acids, or a,w-difunctional
C6 alkanes.



